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1. Proton-Coupled Electron Transfer (PCET) 
1,1. Introduction 

At the core of many important energy conversion processes 
in chemistry and biology are oxidation-reduction reactions 
in which both electrons and protons are transferred. An 
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example is photosynthesis in green plants, in which carbon 
dioxide and water are converted intD glucose and oxygen 
by the reaction 6C0 2 + 6H 2 0 — C 6 Hi 2 0 6 + 60 2> which is 
favored by AG 0 = -675 kcal. 

The details of how electrons and protons are transferred 
in these reactions lie at the heart of successful energy 
conversion strategies in chemistry and biology. The coupling 
of electron and proton transfer influences both energetics 
and mechanism. It allows for the buildup of multiple redox 
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equivalents needed to carry out multielectron reactions. It 
also provides reaction pathways in which electrons and 
protons are transferred simultaneously, thus avoiding high- 
energy intermediates. Gaining knowledge of these processes 
is critical in developing our understanding of important 
biological reactions such as respiration, nitrogen fixation, and 
photosynthesis as well as energy conversion in artifical 
photosynthesis or fuel cells. 

Oxidation-reduction (redox) reactions occur by a variety 
of mechanisms. The simplest is outer-sphere electon transfer, 
in which only an electron is transferred in the elementary 
step. An example is the ferrocene/ferricenium ion self- 
exchange reaction in eq 1 .' In other reactions, more complex 

-(FWTjHjl;) * [PetCjHj);]* -[FriCjH,);!* * [Fi:K-<H«)aI <l> 

pathways or elementary steps are used which take advantage 
of decreased reaction barriers and/or avoid high-energy 
intermediates. 

An example is reduction of [Co" l (NH J ) s (Cl)] 2+ by [Cr 11 - 
(H 2 0)s] !+ , which occurs by inner sphere electron transfer 
through Cl~ as a bridge. Compared to reduction by [Co- 
(NH 3 ) 6 ] 3+ , this pathway offers a rate enhancement of 
~10"« 

A second example is oxidation of formate anion by the 
Ru' v -oxo complex m-[Ru ,v (bpy)2(py)(0)] 2+ (bpy is 2,2'- 
bipyridine, py is pyridine), Ci >[Ru iV (bpy) 2 (py)(0)] 2+ + 
HCOO- + H+ - CTHRu^bpyHpyXHiO)]" + C0 2 . 
Electron transfer in eq 2 has an associated energy penalty 

f5.!-[Rii^(bpyypyKO)l : 'fHCO,- ► «>4Ru ,sl (t>i>yMpy!(0yr + TiCO, (2) 

r«-[R»>\li m l ! l w KO)) ! * * HCO," — — 1 vt-(Ru" l lbjyl,(pyK0l!l) 1 *fC0 I (3) 

<V^Ru ,v <bpv> ; (py>fO)f-' *"CO/ .h&e'HtWtfvVmtrr *CO } (4) 

Q~P 

bpy 

of AG° > 1.9 eV (>44 kcal/mol) compared to hydride 
transfer in eq 4. Similarly, the energy penalty for H-atom 
transfer in eq 3 is 1.21 eV (27.9 kcal/mol) compared to 
hydride transfer. Hydride transfer avoids le~ intermediates 
and dominates reactivity at room temperature in solution. 4 
Significant energy penalties can also exist for reactions 
in which both electrons and protons are transferred. AG for 
electron transfer between f «-[Pui IV (bpy) 2 (py)(0)] 2+ and [Os H - 
(bpy)j] 2 1 in eq 5 is pH-dependent. Below pH = 6.2, the 

M>[(tu l,, lbpyli(pmOHI] 1 ' ■» 10s" , <bpy( 3 r V (5) 

<-«-!K>i" [ tbpy)itM'tK))r •■ WtowhPieGi'^o.nff) (t> 
rvviRi "W-ywWH) ' a* - «w-BU"te«Vw*OB>)- a, 

reaction occurs to the right, and above pH = 6.2, it occurs 
to the left. The pH-dependence arises from the proton added 
to Ru(III) to give c/j--[Ru m (bpy) 2 (py)(OH)] 2+ . There is an 
increase in pJf a of > 1 8 between c/HRu'^bpyhCpyXOH)] 34 - 
and cw-tRuU'tbpyMpyXOH)] 2 -*. 3 

As shown in eqs 6 and 7, below pH = 6.2, the reaction 
occurs by a stepwise mechanism in which electron transfer 
(ET) is followed by proton transfer (PT). Even though a 



proton is transferred in the net reaction, the Os complex is 
substttutionally inert, and there is no orbital basis for more 
complex, low-energy pathways in which electrons and 
protons are transferred simultaneously. 5 

The electron transfer step in eq 6 is slow because the initial 
Ru product is ew-[Ru i "(bpy)2(py)(0)] + and AG°' > 0.33 eV. 
AG°' is the standard free energy change in the prevailing 
medium. The proton transfer that follows is highly favored 
with AG" = -0.059 (p/r a ([Ru'"-OH] 2+ ) - pH) < -0.40 
eV (< -9.2 kcal/mol) at pH = 6.2 at 25 °C. 6 

Another possible mechanism is PT followed by ET in eqs 
8-9, but cw-ERu lv (bpy) 2 (py)(OH)] 3+ is also a high-energy 

(THK» IV ttWhtoXOHjf* * lOAbpy).,?- - 

intermediate under the prevailing conditions with AG°' > 
0.72 eV (17 kcal/mol) for its formation at pH = 6.2. s * 
By contrast, in the comproportionation reaction in eq 10, 

(VHR^flWWWXOTr'- + c/*lHM"«.pyWp ! 'XB:0)) ! ' ► 

:fMRu"'(bpy)>(iiyXOH)J : - (10) 

the oxo complex avoids the high-energy intermediates cis- 
[Ru'»(bpy) 2 (py)(0)r and c/j-[Ru lv (bpy) 2 (py)(OH)]^ by 
undergoing simultaneous e /H + transfer to give efs-FRu" 1 - 
(bpyhfpyXOH)] 24 '. Comproportionation occurs with AG°' = 
-0. 1 1 eV (-2.5 kcal/mol) and a rate enhancement of ~1 00 
compared to electron transfer in eq 6 even though it is less 
favored by 0.21 eV. The &(H 2 0y*(D 2 0) kinetic isotope effect 
is 16.1 at 25 "C, and based on the dependence of k on the 
mole fraction of D 2 0, a single proton is involved (section 
5.5). The proton lost by m-[Ru"(bpy) 2 (pyXH 2 0)] 2+ is gained 
by cZs-[Ru tv (bpy)z(py)(0)] 2+ , as shown by the mole fraction- 
dependence study and similar results in acetonitrile. 7-9 

In the stepwise comproportionation mechanism in eqs 1 1 
and 12, the initial step is preassociation, with a H-bond 
n J -[R D ,v (l)PS'Wl!yKO)r + tf.r-tRu'WMpyXHiO)] 2 - ■« — * 

■M(bjirttoWu' v -o-« n-p-Ru"( P jXbpy> : J 4 ' (i i) 



OK(iwhiW)R«'''-^K>Ru ll (pyXi'PybT'- 02) 

f/j-[(bpy) ; (py)Kii" l -0-«-9*'''"tpy)ll>Pyb) J ' 

H 

W ! ) (Us*) 

interaction between the transferring proton and a lone pair 
on the oxo group, followed by concerted e~/H + transfer. The 
experimental kinetic isotope effect is the product of the 
equilibrium isotope effect for eq 1 1 and the kinetic isotope 
effect for the concerted electron— proton transfer in eq 12 
(section 5.4). In the concerted step, the electron is transferred 
from a eLt orbital at (WW) to a tbr orbital at cLi' ! (Ru iv ). 
The proton is transferred from a a 0 n orbital on the O-atom 
of Ru !l — OH 2 2+ to a lone pair on the oxo group. The magni- 
tude of the isotope effect is due largely to the concerted reac- 
tion and a long proton transfer distance due to unsymmetrical 
hydrogen bonding in the association complex (section 5.4.1). 

The elementary step in eq 12 was initially described as 
proton-coupled electron transfer (PCET) to distinguish it 
from H-atom transfer (HAT), in which the transferring 
electron and proton come from the same bond, 7 - 8 ' 10 An 
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ambiguity has arisen in the use of this term. It has been used 
to describe both elementary steps in reactions such as the 
one in eq 12 and the class of reactions in which electron 
transfer is accompanied by proton transfer. To distinguish 
between the two, it has been proposed that the concerted 
pathway be described as electron transfer-proton transfer 
(ETPT)," or electron-proton transfer (EPT), 1 * or even 
concerted proton -electron transfer (CPET). 13 

The term electron— proton transfer (EPT) will be used in 
this account to describe, concerted electron—proton transfer. 
This is both for its simplicity and to avoid a potential 
ambiguity with mechanisms in which electron transfer is 
followed by proton transfer, ET-PT. The term proton- 
coupled electron transfer will be used to describe the general 
class of reactions. A more detailed discussion of the 
limitations of this terminology and of distinctions between 
HAT and EPT as elementary steps is presented in sections 
5.1-5.2. 

There is a second type of EPT pathway in which concerted 
electron-proton transfer also occurs but involving more than 
one site, In multiple site-electron proton transfer (MS-EPT), 
an electron— proton donor simultaneously transfers electrons 
and protons to different acceptors, or an electron— proton 
acceptor simultaneously accepts electrons and protons from 
different donors. An example occurs in the electron transfer 
quenching of the tripet excited state of C OT , 3 C W| by phenols 
in the presence of added N bases, 3 C6o + ArOH + py — 
"Ceo + ArO" + + H-py (py is pyridine). 14 ' 15 

In the stepwise mechanism for this reaction shown in eqs 
13 — 15, preassociation occurs between the excited state and 

"Cjj + ArO-H ••• py ma 'C^AlO-H ••• py (|)) 



'C^AiO-H. •♦!>>■ C fc! „ArO , ... , H.py (14) 



'CwAiO- •■• 'B-py — C w + ,VC" * J H-py (IS) 

a H-bonded, ArOH""py pair. Association is followed by 
concerted electron transfer from phenol to 3 C«o with proton 
transfer to the H-bonded pyridine (section 4.4). MS-EPT 
avoids the high-energy phenol radical cation, ArOH ,+ , which 
would be the initial ET product, 3 C 60 + ArOH — ~Cm + 
ArOH' + . 

A closely relaLed pathway appears to operate in the 
activation of Photosystem II toward water oxidation. Oxida- 
tive quenching of a chlorophyll excited state, gives 
Pfido + . It is subsequently reduced by long-range, —10 A, 
electron transfer from tyrosine Yz with simultaneous proton 
transfer probably occurring to H-bonded histidinel90, PaoV 
TyrO-H-Hisl90 — P 6S o,TyrO , — + H-Hisl90 (section 7.2). 
In fact, MS-EPT appears to be a biological pathway of choice 
for PCET in which long-range electron transfer 1 * is coupled 
to short-range proton transfer (sections 5.3 and 7.2; also note 
ref 17). 

The orbitally separated, yet concerted, nature of EPT 
places specific orbital requirements on both donor and 
acceptor. The electron— proton donor, or donors for MS-EPT, 
must have energetically accessible orbitals at different sites 
for donating electrons and protons, Similarly, the acceptor, 
or acceptors, must have spatially separated orbitals for 
accepting electrons and protons. These requirements will be 



discussed more fully in section 4 as will hybrid mechanisms 
with EPT for one participating couple and HAT for another. 

EPT joins electron transfer (ET), H-atom transfer (HAT), 
hydride transfer, O-atom transfer, and others as fundamental 
pathways in which a net transfer of electrons occurs between 
molecules. It is related to PCET in that EPT provides a 
pathway by which PCET can occur in addition to sequential 
ET-PT or ET-PT. 

1.2. PCET in Chemistry arid Biology 

Changes in electron content and oxidation state can 
profoundly affect acid— base and other thermodynamic 
properties. Thermodynamic coupling between electrons and 
protons allows pH changes to be used to induce electron 
transfer through films or over long distances in molecules. 
Thermodynamic coupling also allows electron transfer to 
induce long-range proton transfer through proton channels 
in biological membranes. In transition metal chemistry, 
oxidation and proton loss stabilize high oxidation states by 
electron donation and multiple bond formation as in Ru0 4 
nr Mn0. t - . The metal-ligand multiple bonds that result cause 
large changes in p/T„ between oxidation states, favoring 
mechanisms more complex than simple electron transfer. 13- " 

As knowledge of enzymes and biological processes is 
elucidated at the molecular level, it is becoming apparent 
that biology uses EPT and MS-EPT extensively and to great 
advantage. Over the time span of evolution, complex 
structures have evolved which provide oriented spatial arrays 
that integrate electron and proton transfer. These structures 
are critical in enabling MS-EPT and PCET in that they avoid 
high-energy intermediates, and electrostatic charge builds up 
in nonaqueous membrane environments. In turn, this leads 
to a redox potential leveling and decrease in potentials for 
sequential redox couples where there is no increase in charge. 
This phenomenon provides access to higher oxidation states 
and to multiple electron transfer pathways such as hydride 
transfer or O-atom transfer. Integration of PCET with proton 
transfer over long distances by use of sequential proton 
transfers provides a basis for trans-membrane proton equili- 
bration, thus avoiding local pH gradients. The coupling of 
electron and proton transfer is at the heart of water oxidation, 
respiration, nitrogen fixation, and other key reactions in 
bioenergetics. 20 " 28 

The goal of this account is to describe PCET reactions 
and phenomena and EPT mechanisms. Both areas will be 
covered with as much breadth as possible. A goal is to 
illustrate the scope of acid— base effects coupled to electron 
transfer. This can only be accomplished by sacrificing depth 
in particular areas, and we apologize for not including many 
relevant examples of particular phenomena. 

The thermodynamic aspects of PCET and related pH- 
induced phenomena will be dealt with in sections 2 and 3. 
Sections 4 and 5 will review electron transfer theory, 
introduce EPT and mechanisms in which it plays a role, 
summarize the theory of EPT, and discuss its application. 
Section 6 will review EPT in chemistry, and section 7 will 
review EPT in selected biological examples with a focus on 
oxygen evolution at the oxygen evolving complex of 
Photosystem II. 

1.3. Historical Footnote 

The first documented suggestion of PCET as a mechanism 
appears to have come from the appearance of a pH-dependent 
term in the rate law for the [Fe(H 2 0) 6 ] 3+/2+ self-exchange 
reaction studied by isotopic labeling, A rate increase with 
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Figure 1. The peptide tyrosine (TyrOH). 

increasing pH was attributed to a pathway involving [Fe 11 - 
(H 2 0) 5 ] 2+ and [Fe'^HaOJ^OH)] 2 * which occurred with 
*(H 2 Oy*(D 2 0) ~ 2 and was attributed to "H-atom transfer" 
from [Fe ll (H 3 0)r,] 2+ to [Fe'"(H 2 0)5(OH):i 2+ . 39-31 

A pH-dependent study revealed that, in the oxidation of 
[Ru^NHjJsP and [Ru"(NH 3 ):,(H 2 0)] 2+ by Fc(III) in water, 
e.g., Fe(III) + [Ru ll (NH J ) 6 ] 2+ — Fe(1I) + [Ru" 1 rNH 3 ) 6 ] 3+ , 
rFe" , (H 2 0)s(OH)] 2t is less reactive toward [Ru^H^F 1 
than [Fe(II 2 0)6p + by a factor of 6 and more reactive toward 
[Ru"(NH})5(H 2 0)] 2+ by 6 even though the driving forces are 
comparable. 10 In unpublished data, a A(H 2 0)//f(D 2 0) kinetic 
isotope effect of ~-36 was found for the latter. 32 Based on 
the rate acceleration with H 2 0 in the inner coordination 
sphere, it was suggested that "proton transfer from [Ru 11 - 
(NHj) s {H 2 0)] 3+ to [Fe(H 2 0) 5 (0H)] 2+ accompanies electron 
transfer". 10 In 1981, the term PCET was coined and applied 
to the comproportionation reaction in eq 10, 1 and in 1992, it 
was applied to the oxidation of hydroquinone by ci'.s-[Ru !V - 
OpyMpy){0)] 3+ , which occurs with A-(H 2 0)ft(D?0) = 29 
± I. 33 

Brief reviews by Thorp of PCET in metal complexes and 
in excited states appeared in I991 34 and 1996, 3i respectively. 
In the mid 1990s, a series of theoretical papers began 
appearing from the groups of Cukier 36-39 and Hammes- 
Schiffer." 0 ' 41 In 1998, a review of PCET by Cukier and 
Nocera appeared," and in the mid-to-late 1990s, a series of 
ground breaking papers by Babcock and co-workers on the 
coupling of electron and proton transFer in Photosystem II 
and other enzymes appeared. 2 " -28 Saveant and others have 
published papers on the role of PCET in electrochemical 
reactions, 42 -' 13 Recent short reviews have appeared on the 
theoretical 4 ''^ 7 and experimental aspects of PCET, 48-50 
colossal k(\ l 2 0)/i(D 2 0) kinetic isotope effects have been 
observed in the oxidation of Os(IV) complexes by quinone, 51 
and reviews on the application of density functional theory 
to redox enzymes including PCET have also appeared. 52,53 

2. Thermodynamics of Proton-Coupled Electron 
Transfer 

2.1. Introduction 

Electron transfer accompanied by a change in proton 
content is a ubiquitous phenomenon for reactants with 
dissociable protons. 54-56 The origin of this effect is an 
increase in acidity with electron loss, with an example being 
pK u = 9.5 for [Fe(H 2 0) 6 ] 2+ and 2.2 for [Fe(H 2 0) 6 ] 3+ . 57 
Similarly, pif a = 10 for the phenolic proton of tyrosine in 
peptides and pK* = —2 for its radical cation, TyrOH" + 
(Figure 1). S9S9 

Oxidation of either [Fe(H 2 0)«3 2 ' or TyrOH over a broad 
pH range is accompanied by loss of a proton. 57-59 This can 
lead to complex, pH-dependent redox potentials. Variations 
in E\a with pH for the Ru{IV/III) and Ru(III/IIJ couples of 
cij-[Ru"(bpy) 2 (py)(H20)] 2+ are illustrated in Figure 2. 8 ' 60 ' 6 ' 
The Eta values are half wave potentials measured by 
voltammetry which are directly related to the forma!, E°', 
and standard potentials, £°. 62 -<" 




(11 

Figure 2. E,a vs pH diagrams for the RudV/IIE) and Ru(III/II) 
couples of cij-[Ru M (bpy)2(py)(H 2 0)] !+ (Ru"-OH 2 ) 3 * at 25 °C, / 
= 0.1 M, vsNHE. The vertical dotted lines correspond to p/C r i for 
cii'-[Ru ll (bpy) i (py)(H 2 0)J 2+ (RuN-OHi 21 ", K D » = 10.6) and pK,, 
for c^-[Ru ul (bpy) 1 (py)(H,0)] 3+ (Ru 1 "-OH 5 3+ . £„'" = 0.85). The 
remaining abbreviations are as follows: c/j-fRu lv (bpy) 2 (py)(0)] !+ 
(Ru' v =0= + ) and c«-[Ru , "Cbpy) 2 (pyXOH)] 24 - (Rti'"-OH 2+ ). The 

half-cctl reactions for the individual couples in the various pH 
regions ere indicated, as are the sixth ligands and whether they are 
O 2- , OH - , or H 2 0. The E^-pH curves were calculated from the 
Nemst equation by using the pK a values and £t/ 2 («i'-[Ru ,l (bpy)2- 
(py)(H 2 0)] 3+ « + ) = 1.02 V and E,/ 2 (m-[Ru«(bpy) 2 (pyHOIf|]^) 
= 0.46 V. 8 ' 61 * 2 ' 64 

There is a significant amount of information in is^-pH 
diagrams such as Figure 2. Variations in E\n with pH are 
predicted by the Nemst equation. For example, for the Ru- 
(JMI) couple in Figure 2, in the pH region from 2 to 9 where 
CM-[Ru"(bpy) 2 (py)(H 2 0)] 2+ and cw-[Ru lu (bpy) 2 (pyXOH)] 2 + 
dominate, E m ~ £*'(Ru" l/ ") decreases with -jH by O.0591G 
V/pH unit at 25 °C, as predicted by eq \6. m In eq 16, K t ,u 

E m ~ ^'(Ru"" 11 ) = £°'(Ru-OH 2 3+/2+ ) - 0.05916 

(pH - pO (16) 

is the first acid dissociation constant for the Ru(III) complex. 
For the Ru(IV/I!I) couple in strongly acidic solutions at pH 
< 0.85, the dominant forms are CT.J-[Ru lv {bpy)2(py)(0)] 2+ 
and c«-[Ru nl (bpy)2(py)(OH)] 2 h . E\n decreases by 118 mVJ 
pll unit as the pH is decreased, consistent with the loss of 
two protons upon oxidation. More generally, for a couple, 
Ox + ner + mH + — Red-H„""-"' + , with Ox and Red- 
H m [ '" - " )+ the dominant forms, £1/2 decreases with pH as 
0.059 \6{mln\ with m being the number of protons transferred 
and n being the number of electrons; however, note ref 66. 

The vertical dashed lines in Figure 2 are pK^ values for 
c(>[Ru B (bpy) 2 (py)(H 2 0)] 24 (10.6) and c/s-rRu"'(bpy)2(py)- 
(H 2 0)] 3+ (0.85). The half-cell reactions for the individual 
couples in the various pH regions are indicated, as are the 
sixth ligands and whether they are O 2 ", OH", or H?0. 

For the Ru(IIl/lI) Couple: (I) Below pH = 0.8, the Ru- 
(1II/II) couple is e/j-[Ru II (bpy) 2 (py)(H 2 0)] 3+ ' 2+ , which is 
independent of pH. (2) From pH = 0.9 to 10.6, the couple 
changes to c/i-[Ru II, (bpy)2(py)(0H)] 2+ /c('s-[Ru I, (bpy) 2 (py)- 
(H20)] 2+ . Consistent with the Nemst equation, E\a decreases 
by 59 mV/pH unit. (3) Above pH = 10.6, the couple 
becomes c/j-[Ru m (bpy)2(py)(0H)] 2H '' + and, once again, is 
pH-independent. 

For the Ru(IV/IH) Couple: (1) Below pH = 0.8, the 
couple is C «-[Ru lv (bpy) 2 (py)(0)] 2+ toVERu lll (bpy)2(py)- 
(HjO)] 31 ". E m decreases with pH by 118 mV/pH unit, 



Proton-Coupled Electron Transfer 



Chemical Reviews, 2D07, Vol. 107, No. 11 5DD9 



consistent with the expected 0.059 16(w/n) decrease per pH 
unit with m = 7 and n = 1 . 

(2) As the pH is increased above 0.85, the couple becomes 
cw-[Ru lv (bpy) 2 (py)(0)] 1+ /m-[Ru ll! {bpy) 2 (py)(OH)] :!+ , and 
E\a decreases by 59 m VVpH unit. 

(3) At pH = 12.8, the pH-dependent Ru^' 111 and pH- 
independent Ru am couples intersect. As the pH is increased 
further, E m (Ru um ) > fi^Ru™") and m-[Ru m (bpyMpy)- 
(OH)] J+ is unstable toward disproportionation (eq 1 7). In 
this pH region, c/s-[Ru lll (bpy) 2 (py)(OH)] J+ is a stronger 
oxidant than c/i-[Ru iv (bpy) 2 (py)(0)]-" i " because of the pH- 
dependence of the Ru(IV/IlI) couple. 

2™.n!i, lil <bpy) !(w XOH)) 3 ' ■ - OH' - ov-FR^^kpy^pyXO))* + 

(4) At pH > 12.8, Em decreases by 29 mV/pH unit, 
consistent with the 2e"/m + m-[Ru lv (bpy) 2 (py)(0)] 24 7c/.s- 
[VOpyMpyXOl-Dr couple. 7 ' 60 * 1 

2,1.1. Summary of pH-Dependent Thermodynamics 

A number of important conclusions concerning the impact 
of pH effects on redox potentials can be reached based on 
analysis of data like those in Figure 2. 

• Effect of Charge Type: The potential of the Ru(JJI/II) 
couple increases from 0.46 V (vs NHE) for the cw-[Ru ,n - 
(bpy) 2 (py)(OH)] 2 V[Ru«(bpyMpy)(OH)] + couple to 1.04 V 
for the CK-[Ru l "(bpy) 2 (py)(HiO)] w /[Ru"(bpy) 2 Cpy)(H 2 0)] 2 - t 
couple as charge type increases from 2+/+ to 3+/2+. This 
is a general phenomenon arising largely from the effect of 
electrostatics on E"'. 

Based una thermodynamic uyc-lc, llsc reduction potential, 
£°', for the generalized couple Ox<" +l > + + e" — Red" + can 
be expressed as shown in eq I S. 7 '* 7,68 In this equation, AGk,i v - 

E°' = AG so!v (Ox (,,+l,+ ) - AG so , v (Red" + ) + /„ + C 

(18) 

C = -7,AG 0 (H 2 ) - /„ - AG° aq (H + ) (19) 

(Ox < "" fl)+ ) and AG^Red"^) are solvation free energies 
(hydration free energies in water) for Ox ( "" H1+ and Red" + in 
the prevailing medium, and /„ is the gas-phase ionization 
energy for Red™. The constant C is defined in eq 19 and 
includes AG°(II 2 ), the bond dissociation free energy for H 2 , 
In, the H-atom ionization energy, and AG° ill| (H + ), the 
standard free energy of proton hydration. 

Assuming spherical ions of radius r, AG !0 ii. — ~ (nV/2r)- 
(1 — f/D s ) from the Born equation for ion solvation. In this 
equation, n is the charge on Red, e is the unit electron charge, 
and D$ is the static dielectric constant of the solvent. This is 
only an approximation since it assumes spherical ions and 
treats the solvent as a dielectric continuum. Partitioning /„ 
into a promotion energy term, /„', the energy required to 
transfer the electron to the surface of a sphere enclosing Red, 
and a charging term, neVr, the energy required to remove 
the surface electron to infinity in the gas phase, gives the 
expression forE°' in eq 20. In eq 20, E°'a is the electrostatic 
contribution to £°'. 

^H^ + #-(*y] + K) +r - +c= 

EJ"+T a + C (20) 



The first term in eq 20 arises from the difference in 
solvation free energies between Ox ( " +1)l and Red" 4 . For 
cationic couples, it increases E°' as charge type increases. 
This term is counterbalanced by the ion charging (n^JrDs) 
and promotion energy (/„) terms. The net effect is to increase 
E°" as positive charge accumulates, and this is the primary 
origin of the 0.58 V increase in E m between £M-[Ru" i (bpy)2- 
(py)(OH)] 2+ ' + and c/.9-[Ru"'(bpy) J (pyXH J 0)]^ /2+ couples. 

• Redox Potential Leveling: Electrostatic effects also 
contribute to increases in redox potentials between adjacent 
couples. For the Ru(IV/III)-Ru(III/II) couples, cis-\9j\- 
(bpy) 2 Cl 2 ] 2+ ' + and c/s-[Ru(bpy) 2 Cl 2 ] ,t - /D , AE lQ = E in (2) - 
£,n(l) = 1.7 V (I = 0.1 M, CH 3 CN). This is typical for 
adjacent transition metal complex couples of charge types 
(n + 2) + /(n + 1) + and (n + l) + /(n + ).* 9 

The influence of electrostatics on AE°' can be seen in eq 
21, which follows from eq 20. This is also an approximate 
result since it assumes spherical ions and the solvent as a 
dielectric continuum. In this equation, /„ and T„+i are the 
promotion energies for two adjacent couples as defined 
above. Based on this result, a combination of electrostatics, 
2e 2 /r£>s, and the difference in promotion energies, AT = T„+\ 
- /„, is the origin of the increase in AE\n (~AE°') with 
charge type. The latter can play an especially important role 
for non-transition-metal couples where bonding electrons are 
promoted, and odd electronic configurations are of relatively 
high energy. 

For couples Ox 2 ( " +2)+ /Red 2 ( " +1)+ (E 2 a ') 

and Ox^'^/Red," 4 - (£,<>'): 

Aff*-tf* a (^) + r n+l -r„ = (^) + at 

For couples Ox 2 " + /Red/ + (Ef) 

and Ox 1 " + /Red ! "' ! " {E°')\ 
AE° , = E°' 2 ~E 9 ' ] =AT (22) 

If there is no change in charge type, for example, between 
couples Ox 2 " + /Red 2 " + and Oxi" + /Red t n +, AE°' is given by 
eq 22, and electrostatic effects play no, or a minimal, role. 
This is seen in the small difference in E ]n values between 
the couples, C «-[Ru iv rbpy) 2 (pyXO)3 2+ /rRu lll (bpy) 2 (py)(OH)p 
(£ 1/2 (2)) and c«-[Ru" I (bpy) 3 {py)(OH)] 2+ /[Ru"(bpy) 2 (py)- 
(H 2 0)] 2+ (£ia(l)) with AEm = 0.08 V from pH = 1 to 10.5 
(Figure 2). 

The latter is an example of redox potential leveling with 
PCET maintaining a constant charge type between adjacent 
couples. This is an important phenomenon for multielectron 
catalysis. It allows the buildup of multiple redox equivalents 
over a narrow potential range and, with it, access to 
multielectron pathways such as hydride transfer in eq 4. It 
is especially important for membrane-bound biological redox 
couples (section 2.5.4). In these low dielectric environments, 
electrostatic charge is greatly destabilized compared to water; 
see, for example, refs 20 and 70-73. 

• Closely Spaced Redox Potentials: The phenomenon of 
multiple, closely spaced redox couples with small AT and 
AE°' is a feature of the early to mid transition metal series. 
It is due to the relatively closely spaced, sequential ionization 
energies for the 3d, 4d, and 5d levels and efficient screening 
of the nuclear charge by the d electrons. 74 



5010 Chemical Rsviews, 2007, Vol. 107, No. 11 



<M«« ll l>»(VWW"i|-'' * ' ' l'.-|B»" r rk|«yp!!lOU)!'- - CaV^fUVKlsmC 




Figure 3. PCET thermodynamics. Acid— base, redox potential 
(£°'-p/« diagram for the Ru( I V/l II ) and RuCIIl/II) couples of as- 
ERu^bpjOitpyXHiO)] 2 * taken from Figure 2, showing the dw 
electron configurations at the metal. Potentials are vs NHE at 25 
°C,I= OA M. The vertical lines give pK„ values, and the slanted 
lines give E" values for pH-dependent couples at pH = 7, taken 
from ref 8. 

Al' is also influenced by changes in bonding. For example, 
higher oxidation states of transition metal complexes are 
Stabilized by ligand-to-metal electron donation, notably by 
?i(ligand) — *■ d electron donation and multiple bond forma- 
tion. The Ru lv =0 2+ /Ru'"-OH w and Ru^-OH^/Ru 11 - 
OH 2 3 1 couples in Figure 2 provide an example with Ru(IV) 
stabilized by the Ru ,v =0 multiple bond. 74 

• Disproportionation: Stabilization of a higher oxidation 
state by metal-ligand multiple bonding or a change in pH 
can become sufficient that £"2 < E°\ for sequential couples, 
which leads to AE°' = E°' 2 - E?\ < 0. If A£°' < 0, the 
intermediate oxidation state in adjacent couples is "missing" 
thermodynamically because il is unstable with respect to 
disproportionation, e.g., 2Ru(III) — Ru(H) 4- Ru(lV). This 
is the case for Ru'"-OH 2+ above pH = 12.8 in Figure 2. It 
is a common phenomenon for organic and main group 
inorganic couples where le~, radical intermediates or 
intennediate oxidation states such as Sn(III) or semiquinone, 
*OC6H<iOH, are unstable toward disproportionation. 

• Acid—Base Properties and Redox Potentials: The 
difference in pKn values between the higher and lower 
oxidation states of a couple can be used to calculate the 
difference in redox potentials between the protonated and 
deprotonated forms and vice versa. This is demonstrated for 
the Fe(III/II) aqua couple in eq 23 and more generally for 
the protonated (Ox-H/Red-H) and deprotonated (Ox/Red) 
couples in eq 24. 

£°'([Fe(H 2 0)J 3+/2+ ) - £°'([Fe(H 2 0) 5 (OH)] 2+/+ ) = 
0.059[p£ iU (Fe 2 ' f ) - p/^,(Fe 3+ )] = 0.43 V (25 °C) (23) 

£°'(Ox-H/Red-H) - £°'(Ox/Red) = 0.059[p# a 

(Red-H) pK a (Ox-H)] (24) 

2.1.2. Redox Potential Diagrams. Implications for 
Reactivity 

Acid— base constants and redox potentials at fixed pH are 
conveniently summarized in redox potential diagrams or 
"square schemes" such as the one shown for the m-[Ru lv - 
(bpy)2(py)(0)] I - t /[Ru"'(bpy)2(py)(OH)] J+ and cMRu" r (bpy) r 
(py)(OH)] 2+ /[Ru li (bpy) 2 (py)(H 2 0)] 2+ couples in Figure 3. The 
pH-dependences of organic redox couples can be equally 
complex. 73 ~ so This is illustrated for the quinone/hydroquinone 
(Q/H2Q) couple in Figure 4, which includes the one-electron 
semiquinone intermediate (HQVQ-), as studied by Laviron 
and co-workers. 8,-85 



Q 0.099 0.027 g,. 



qjl' QH* — — QH" 



Figure 4. As in Figure 3 with potentials in V vs NHE, pH 7, 25 
°C, 1= 0.1 M for the quinone/semiquinone/hydroquinone (QfHQV 
H 2 Q) couples; note refs 81-83. 

In these diagrams, the values on the horizontal lines are 
potentials for pH-independent couples, Q/Q"", HQVHQ", etc. 
The values on the vertical lines are pK a values. The values 
on the slanted lines are potentials for pH-dependent couples 
at a specified pH, pH = 7 in Figure 3.^- is 

The redox potential and data have important implica- 
tions for oxidative activation and reactivity. From the 
summary in Figure 3, loss of a proton when cw-[Ru"(bpy)2- 
(py)(H 2 0)] 2+ is oxidized to c;.r-[Ru lll (bpy) 2 (py)(OH)] 2+ could 
occur in three ways: (i) electron transfer to give Ru l "-0H 2 :I+ 
followed by proton transfer to give Ru"'-OH ,+ (ET-PT), 
(ii) proton transfer to give Ru"— OH* followed by electron 
transfer to give Ru'"-OH" (PT-ET), and (hi) electron- 
proton transfer (EPT) with simultaneous loss of both an 
electron and a proton, (section 1.1). Compared to the 
thermodynamic potential for the Ru lll -OH 2+ /Ru ll -OH 2 2 - f " 
couple of 0.66 V at pH = 7, either mechanism (i) or (ii) 
incurs an energy penalty in the first step because Ru 1 "— 
OH 2 ,+ andRu ll -OH 2+ are high-energy intermediates at the 
prevailing pH. For ET-PT, initial ET, Ru"-OH 2 s( - e~ — 
Ru ,1I ™OH2 5+ , occurs at 1.02 V. The AG 0 ' difference of 0.36 
eV is recovered in the subsequent PT step, R^'-OH^ — 
Ru ln -OH 2+ + H+, with AG°' = 0.059(p/C 1 ,,(Ru ill -OH 2 3+ ) 
- pH) (at 25 °C). Similarly, the initial PT step in (ii) is 
unfavorable with AG 0 ' = +0.19 eV. 

Mechanisms involving Ru ilI -OH 2 3+ or Ru"-OH 2+ add 
energy increments to the barrier for oxidative activation 
which can decrease rates. This is especially onerous for the 
second oxidation in Figure 3, 

Ru ln -OH 2+ Ru ,v -0 2+ 

For this couple, AG"' > 0.9 eV for initial ET and AG" > 
0.4 eV for initial PT relative to the Ru lv -0 M /Ru'"-OH 34 
couple at 0.74 V. This inhibits oxidative activation and 
imposes kinetic limitations that appear routinely, for example, 
at electrodes where pathways other than ET or PT are not 
accessible (sections 4.3 and 6.5.2). 

PCET-induced barriers can be circumvented by utilizing 
EPT. In these pathways, both electrons and protons are 
transferred simultaneously and, therefore, at the thermody- 
namic potential for the PCET couple (section 4.3). Managing 
protons by EPT and proton transfer is critical in oxidative 
activation with the extraordinary example of the membrane- 
bound oxygen evolving complex of Photosystem II featured 
in section 7.2. 

2.1.3. Coverage 

In the remaining parts of Section 2, some thermodynamic 
aspects of selected PCET reactions will be described with 
the goal of highlighting the breadth of known pH-dependent 
phenomena by using known chemical examples. 



Proton-Coupled Electron Transfer 



Chemical Reviews, 2D07, Vol. 107, No. 11 5011 




V 5 



Figure 5, E\n vs pH diagrams for cm- (left) and trans-[Ra"(bpy)i- 
[HjO)j] 2 ' f (right) as in Figure 3 but showing the experimental points 
in £i/2-pH diagrams (at 25 °C, vs SSCE (+0.25 V vs NHE), / = 
0.1 M). The potential-pH lines for the various couples are 
indicated, as are regions where Ru(VI), Ru(V), Ru(JV), Ru(IH), or 
Ru(II) are the dominant oxidation states and whether the fifth and 
sixth iigands are 0 3 ~, OH , or H 2 0. M - M 

2.2. Metal Complexes with Oxygen as the Donor 
Atom 

Changes in acidity with oxidation state and their impacts 
ou the thermodynamics of PCET are ubiquitous for transition 
metai complexes containing Iigands with acidic O— H 

22. 1. Aqua/Hydroxy/Oxo Couples 

2.2.1.1. cis- and f7-c/is-[Ru"(bpy)2(H20) 2 ] 2+ . The E m ~ 
pH diagrams fox cis- and /7ww-[Ru"(bpy)j(H20)2] 2+ in Figure 
5 illustrate two effects: the impact of a second water 
molecule in a Ru(II) polypyridyl coordination environment 
and the role of coordination geometry. With two waters and 
PCET, the accessible oxidation states at the metal are 
extended to Ru(V) and Ru(VI), the latter as [Ru vl (bpy) 2 - 
(0) z ] 2+ . In the higher oxidation states, Ru^d 11 ), Ru v (d 3 ), and 
Ru vl (d 2 ), there are vacancies in the djr(Ru) levels and 
electronic stabilization by 2p*(0) — d?r electron donation 
and Ru=0 multiple bond formation. IS ' 87-97 

For the cis complex from pH ~ 2 to 6, successive le~/ 
III 4 " oxidations occur from Ru t! to Ru vl over a total potential 
range of 0,6 V, illustrating the role of PCET in redox 
potential leveling and M=0 stabilization of higher oxidation 
stales. For the trans complex, Ru{V) is missing in acidic 
solution because Ru(VI) is stabilized by frans-O=Ru=0 
multiple bonding in rraj;s-[Ru vl (bpy)2(0)2] 2+ . The missing 
oxidation state appears above pH = 7.3 because of differ- 
ences in pH-dependences between the ftww-[Ru(bpy)2- 
(0) 2 ] 2 +' + (Ru™*) and ^^-[Ru^{bpy) 2 (0) 2 ] 2 +/[Ru(bpy) 2 - 
(0)(OH)] 2+ ' + (Ru v/lv ) couples. 9S ' M Related behavior has been 
observed for other Ru and Os complexes. 98-107 

2.2.1.2. &wiHOs n (tpy)(H20)3] I+ . A dramatic example 
of missing oxidation states due to differences in pH- 
dependent behavior and M="0 stabilization occurs for traiis- 
[Os"(tpy)(H 2 0) 3 ] 2+ (tpy is 2,2':6',2"-terpyridine). Over a 
broad range of pH values, only a single 3e" Os(VI/HI) wave 
is observed in cyclic voltammograms. Both Os(V) and Os- 
{IV) are unstable toward disproportionation under these 
conditions, eq 25. 99-1 01 



tpy 

2.2.1.3. irfl«*-IRe v (py)d(0)j] + and rra/rs-[Re v (L>4(0)- 
(OMe)] 2+ - The factors that cause "missing" oxidation states 
have been explored by Hupp et al. by comparing the pH- 
dependent electrochemical behaviors of d 2 trans-[R.s v (py)r 
(0) 2 ] + and rm/w-[Re v (LMO){OMe)] 2+ (L = pyridine or 
substituted pyridine). 57 - 102 In the reduction of franj-[Re v (py) 4 - 
(0) 2 ] + to Refill), d 3 Re(IV) is a missing oxidation state from 
pH = 1 to 14 due to ;ra«.s-dioxo stabilization of 0=Re v = 
O. 

Redox potential and spectroscopic measurements reveal 
that Me + added to O in n-anj-[Re v (py) 4 (0)OMe)] 2+ is a good 
surrogate for a proton. This makes the methoxy complex a 
reasonable model for toms-[Re v (py)4(0)(OH)] 2i " but without 
a dissociable proton. For the member of this series with L 
= 4-MeOpy, the "missing" Re(V/IV) couple appears at ~pH 
= 10 due to a difference in pH-dependences between the 
Re(V/IV) and Re(IWIlI) couples. 57 - 102 

By using a mixture of aqueous and nonaqueous electro- 
chemical measurements, estimates of pK^ = —10 to —18 
were made for a series of trans-[Rs wl (L)4(0)(OH)Y~* com- 
plexes, demonstrating that there is a low affinity for protons 
by the oxo group. In a related analysis, it was estimated that 
pK a ~ 22-26 for trar,s-[Re"\LXOB) 2 ] + .^ e2 This value 
illustrates the difficulty of deprotonating OH" when it is 
coordinated to a relative low oxidation state at the metal. 

2.2.1.4. [Re^'fMeatacnXO^}- 1 -' Electrochemical reduction 
of [Re^'CMestacnXO)}] ' (Mejtacn is 1,7-trimethyl- 1,4,7- 
triazacyebnonane) occurs by two quasi-reversible, pll- 
dependent waves at -0.14 and -0.36 V vs SCE at pH = 1 
corresponding to the Re(VII/VI) and Re(VI/V) couples in 
eqs 26 and 27. ,08 

rtt^'tM^cnXO)-,]- + p" + H* P^fMe^KOMOHH* P fl > 

I^MktfimWMOEQr + ' * 2H * — " ^(^.^"KOHSjOXOH)! 3 ' (37> 




2.2.1.5. [(Bpy) 2 Mn ,v (0)zTvf ^"(bpy)^ 34 . For the di-/<-oxo 
bridged complex [(bpy)2Mn lv (0)2Mn l,l (bpy) 2 ] 3+ and its 1,- 
10-phenanthroline (phen) analogue, successive one-electron 
reductions over a wide pH range are accompanied by 
protonation at tlie bridge to give successively [(bpy) 2 Mn 1M - 
(0)(OH)Mn ilI (bpy) 2 ] 3+ and [(bpykMn^OHkMn 11 - 
(bpy)2] 3+ . l0S_i11 Protonation at a^-oxo bridge accompanying 
reduction has also been observed for Os and Ru complexes. 
An example is ejVw-[(bpy)2(H 2 0)Ru [ V-OH)Ru"(H20)- 
(bpy) 2 ]"."'" 2 '" 3 

2.2.2. Other O-Based Couples 

Related pH-dependent behavior has been observed for 
metal complex couples having oxime, hydroxamate, and 
dimethylglyoximate Iigands. A generic example of the latter 
is shown for a M(IIMI) couple in eq 28 with M = Ni, 
p e _s6.s6.ni p Qr a [j near hexadentate dioximate ligand with M 
= Ni, only a Ni(IV/II) couple is observed below pH 5 with 
Ni(lV/lIl) and Ni(H[/II) couples appearing above pH 6. 115 -" 9 
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2.2.3. PCET Arising from pH-Dependent Chemical 
Changes 

Electrochemical pH-depcndent behavior can arise from 
reactions more complex than simple gain or loss of protons. 
In the example in eq 29, oxidation from RufH) to Ru(III) 
causes hydrolysis of the chelated aldehyde, creating a pH- 
dependence for the Ru(tli/Il) couple. ! 20 
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2.3. pH-Dependent, Meta! Complex Couples 
Based on Donor Atoms Other than Oxygen 

2.3. 1. Reversible Couples Based on N Donors 

The appearance of pH-dependent redox potentials and 
associated redox phenomena also occurs for metal complex 
couples with acidic, dissociable protons bound lo N, S, P, 
and even C as the donor atom. 

2.3.1.1. |M(bpy) 2 (BiBzImH 2 )] 2+ (M = Ru and Os). 
Oxidation of [M(bpy) 2 (BiBzlmH 2 )] 2 - i - (M = Ru and Os; 
BiBzImH 2 = 2.2'-bibcnzimidazo!e; Figure 6) to M(III) and 
M(IV) occurs by pH-dependent couples with pH-depend- 
ences reminiscent of the oxo/aqua couples in Figure 2. 12,J2Z 
In this coordination environment, M(IV) is stabilized by 
double deprotonation and electron donation from ^(BiBzIrn 2 ") 
to M(1V). pH-dependent redox couples have also been 
observed for Fe and Ru complexes containing ligands related 
to bibenzimidazole. 121-1 24 

2.3.1.2. [M(NH 3 CMe 2 CMe 2 NH 2 ) 2 (CI) 2 ] (M = Ru and 
Os). Oxidation of the 2,3-diammo-2,3-dimemyIbutane com- 
plex [Os ll! (NH 2 CMe 2 CMe 2 NH 2 ) 2 (Cl) 2 ] + to Os(IV) over the 
pH range 1-5 occurs with loss of a single proton. 125 From 
pH = 0.5 to 2, oxidation of [Ru l, (NH 3 CMe2CMe 2 NH 2 )2(Cl)2] 
occurs by reversible le~ oxidation to Ru(III) followed by 
le"/2H + oxidation to [Ru ,v (bpy)(Cl) 2 {N(H)=CMe 2 CMe 2 - 
NH 5 ) 2 p. Above pH = 4, there is a single 2e"/2H + oxidation 
to Ru{IV). Similar behavior is observed for the iris-2,2- 
diamino-2,3-dimethy!butane complex. In the oxidized com- 
plexes, Ru(IV) is stabilized by electron donation from 2pjr(N) 
to d7T(RuIV). This creates a Ru iv =(NHCMe;") multiple bond 
interaction analogous to the M=0 interaction in oxo 
complexes. 136 

2.3.13. fraws-[Os v (tpy)(Cl) 2 <NJNR 2 )] + and S- and P- 
Based Analogues. As shown in eq 30, the Os(VI/V) 
hydrazido couple based on n-anj-[Os v (tpy)(Cl) 2 (NNR 2 )] + 
with NR 2 = morpholide (-NfCH 2 ) 4 0) is pH-dependent in 
acidic solution. It becomes pH-iudependent above the pK, 
foriranj-[Os lv (tpy)(Cl) 2 (N(H)NR 2 )] + (pK 3 = 3.2), where the 
couple is frtMW-fps v (tpy)(CI) ? .(NNR 2 )] + /;ram--[Os lv (tpy)(Cl) 2 - 
(NNRj)]. The deprotonated Qs{V) complex undergoes further 
oxidation to Os(VI). The protonated Os(IV) complex un- 
dergoes further reduction first by 2e"/lH + to give the Os- 
{II} hydrazine complex ^an^-[Os ll (tpy)(CI) 2 (NH 2 NR 2 )] and 
then by further 2e~/3H^ reduction to the ammine, eq 

30.I27-.29 

Jhm^OiPdliyKCIMMBjNM t * JH* — » 

,K,«,-[0£ ll ftp>-XCI);l^n ) )j >'R;H 1 ' (3C) 



"lb". 

Figure 6. rMfbpyhfBiBzImlty]" with M - Ru and Os. 
Figure 7. Tp" = rris(pyrazol-l-yl)borate anion. 




pH(u - 1.0 in Bu^KPF/KNOj) 
Figure 8. £i/j-pH diagram for mer-[08 ,v (bpy)(CI)3(NCN)]- in 
1 : 1 (v/v) HjO/CFLCN in / = 1 .0 M BmNPF&flCNOj with E m values 
vs SSCE (saturated NaCl rather than KCI). For comparison, the 
equivalent couples for c«-[Os"(bpy} 2 (H 2 0) 2 ] 2+ at / = 1.0 M in 
H 2 0 are also shown. Vertical lines indicate pK, values, and proton 
compositions of dominant forms are indicated for both sets of 
couples. ;3; 

Related acid-base behavior has been observed for the 
S-H based sulfilimido couple rraw-[Os v (tpy)(Cl) 2 (NS-/j- 
C 6 H 4 Me)]+/fra/ W -[Os lv (tpy)(Cl) 2 CNS(H)- J i7-C6H4Me)] + 130 and 
the P— H based phosphoraniminato cauple/ac-[Os v (Tp)(Ci) 2 - 
fN?Et 2 )]//ac-[Os IV (Tp)(Cl)2(NP{H)Et 2 )] (Tp- is the tris- 
{pyrazol-!-yl)borate anion, Figure 7). 131 The kinetics of 
oxidation of the Os(IV) complexes by quinone will be 
featured in the discussion on EPT pathways in chemistry in 
section 6. 1 .4 because they occur with colossal A(H20)/A(D20) 
kinetic isotope effects. 

2.3.1.4. Oxo-like Behavior in «er-[Os lv (bpy)(Cl) 3 - 
(NCN)]-. A dramatic example of pH-dependent redox 
behavior, reminiscent of the oxo complexes in Figures 2 and 
5, occurs for the cyanoimido complex mer-[Os IV (bpy)(Cl)3- 
(NCN)] - , which is prepared from the Os vl -nitrido precursor 
by the reaction m^-[Os VT (bpy)(Cl) 3 (N)] -1- CN" — mer- 
[Os lv (bpy)(Cl) 3 (NCN)]~. l32JU It is based on reversible Os- 
(VW), Os(V/IV), Os(IWIII), and Os(III/II) couples and is 
compared to a'j-[Os ll (bpy)20HjO) 2 ] 2 ' t ' 131 in Figure 8. From 
1R measurements, the first proton is added to m«--[Os IV (bpy)- 
(CDKN a CN/j)]- at N a and the second is added at Tfy 
accompanied by a proton shift from N a to Nh to give mer- 
[Os' v (bpy)(Cl) 3 {NCNH 2 )]+. 

2.3.2. Oxidation of Coordinated Amines 

There is a direct analogy between 2e _ /2H + oxidation of 
coordinated water to a higher oxidation state oxo complex, 



M' !+ -OH 2 - 



-M" + -=0 



Proton-Coupled Electron Transfer 
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and 3e~/3H + oxidation of coordinated ammonia to a nitrido 
complex, The analogy may be apt, but the oxidation 



M-NH, - 



chemistry of coordinated ammonia is far more complex, with 
nitrosyl or jtt-Ni products typically appearing instead of 
reversible pCET. lsJi,_i40 

In sufficiently electron-rich coordination environments, 
NH3-N 3 " interconversion does become chemically revers- 
ible, as shown by the example in eq 3l,'>u<tJ-H3 ^ s discussed 
in section 4, these reactions are kinetically inhibited by slow 
proton transfer. 



m-|Os , "(rj > y)(CI)j{NH 3 )]' v 



. imix-tos'Vy'iaMN)]" 



There is a related oxidative dehydrogenation chemistry of 
coordinated amines to imines and nitriles that is exten- 
sive. 1 * 1 " 1 '" 5 This includes many examples from the Fc, Ru, 
and Os triad with one example illustrated in eq 32. 147-151 
These are dehydrogenation reactions with electrons and 
protons lost from CM -Nil bonds and the imine and nitrile 
ligands stabilizing M(II) by metal-to-ligartd <in — x* 
backbonding.' 5:;! ~ l5,, 



"0V 



Oxidative dehydrogenation is typically irreversible because 
there are no facile pathways for re-reduction to the amine. 
Uncharacteristically, the nitrile complex [Os"'(tpy)(CI)(N= 
CCH 3 )(NS-3,5-Me2C 6 H3)r undergoes reversible, 2e"/2H + 
reduction to the imine, [Os nl (tpy)(Cl)(NH=CHCH 3 )(NS-3,5- 
Me 2 CiH 3 )] + , in 1:1 (v/v) CH 3 CN/H,0, at E ln = 0.29 V (/ 
= 0.2 M), eq 33. 155 



[(lpyXCI)(MSWM(!;Ps"'-N=Caf ) ! 



[(t(iy)(CrHNSC: s H 1 ML- 2 )Os l,l -NB-CHCIIjl (33) 

The unusual kinetic reversibility in this case may be due 
to the intervention of oxidation state isomers, e.g., [Os ni — 
N-CCH 3 ] + + H + - [Os v =(NC(H)CH 3 -)] 2+ . The reactivity 
of this complex extends to organic reactions where the 
coordinated nilrile/imine couple undergoes reversible reac- 
tions with alcohols to give ketones or aldehydes. 155 

2.4. Organic PCET 

There is an extensive PCET electrochemistry for organic 
redox couples, 76 ' 77 with notable examples appearing for 
quinones, aromatic hydrocarbons, and carbonyl coin- 
pounds. 7S "- 8CM5<1 - 15 ' The compact potential —pK, schema in 
Figure 4 for the reduction of quinone to hydroquinone 
provides a useful basis for summarizing redox properties in 
a variety of organic PCET reactions, 85 ' 158 An example is 
shown in Figure 9, which summarizes the mechanism for 
reduction of a benzoin to the cis and trans endiols in aqueous 
solution. 79 ' 65 ' 157 

Another example is the reduction of aromatic hydrocarbons 
(A) such as anthracene. In dry DMF, two reversible waves 
appear due to successive reduction of A to A~ and then to 



A 2- . Upon addition of a weak acid, typically a phenol, the 
A - reduction wave becomes irreversible because protonation 
of A 3 " gives AH", which is unstable toward disproportion- 
ation into A and AH*. As the concentration of acid is 
increased, reduction to A" is followed by protonation to give 
HA and further 2e~ reduction to give AH2, 7S,! ° 

2.4. 1. Reduction of Quinones 

The influence of H-bnnding and protonation on quinone 
reduction has been investigated for a series of quinones 
ranging from choloranil (tetrachloro-l,4-benzoquinone) to 
duroquinone (terramethyl-lAbenzoquinone). 159 In dry, pure 
benzonitrile, chemically reversible Q/CT and CT/Q 3- couples 
appear separated by 0.8-0.9 V in cyclic voltammograms. 
With added weak acids, three different types of behavior 
were observed depending on the basicity of the quinone and 
the strength of the acid: (1) shift in £1/2 due to H-bonding, 
(2) reduction followed by disproportionation of the inter- 
mediate semiquinone, and (3) protonation of the quinone 
prior to reduction to H2Q. 

Oxidation of the vinylene-bridged ferrocene-hydroquinone 
in eq 34 occurs by an initial le~ oxidation to give a 
ferricinium form that subsequently loses a proton and a 
second electron to give the ferricinium-semiquinone. It is in 
equilibrium with the 2e _ /2H + product, 6-(ferrocenylvi- 
nylidene)-4-hydroxycyclohexa-2,4-dien-l-one, shown in eq 



.& „ 



Reduction of ubiquinone to the corresponding semiquinone 
in CH 2 C! 2 in the presence of [N(n-Bu) 4 ]C10 j occurs at E xn 
= -1.13 V (vs Fc + /Fc). Addition of the thiourea-based 
receptor shown in eq 35 gives a new oxidative wave at —0.3 
V following quinone reduction. This suggests that the 
intermediate semiquinone is stabilized by H-bonding to the 
thiourea, eq 35. Further reduction gives the hydroquinone 




stabilized by H-bonding to the receptor anion. 161 This 
observation may be relevant to the possible role of H-bond 
stabilization of the semiquinone intermediate that appears 
following quinone reduction in bacterial reaction centers and 
in Photosystem II (section 7.3). 152 ' 161 

The effects of H-bonding to amines on the oxidation of 
phenol to phenoxyl radical in the gas phase were investigated 
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Figure 9. PCET reduction scheme for a benzoin 

with GAUSSIAN 98. 164 The potential for phenol oxidation 
shifts negatively by as much as 1 V with added base. 164 This 
may be of relevance to a key step in Photosystem II, the 
oxidation of tyrosine Y z , which is H-bonded to a neighboring 
histidine base (section 7.2). 

2.4.2. Quinhydrones and Intramolecular PCET 

Quinhydrones have been described as H-bonded charge 
transfer (CT) complexes. They form in solutions that are 
concentrated in both quinone and hydroquinone by H- 
bonding interactions. Their formation is accompanied by the 
appearance of low-energy absorption bands arising from H 2 Q 
— Q charge transfer, eq 36. 165-108 For 1,4-benzoquinhydrone 
in the solid state" 19- ' 71 and for a series of extensively 
conjugated quinhydrones,' 72 pressure induces a phase transi- 
tion to a cooperative proton— electron transfer (PET) state. 
This state has been characterized as a molecular assembly 
of H-bonded neutral radicals. 

, " h "°~O~°" h " ,6 '~0 hc "" m 

Related processes occur in a class of organic molecules 
in which PCET interconverts degenerate tautomers. 173-1 77 For 
example, dynamic intramolecular, double electron-proton 
transfer has been shown to occur in azophenine (N,N'- 
diphenyl-3,6-bis(phenyIimino)-l,4-diamine) as illustrated in 
eq 37. The mechanism involves rate limiting Ie - /1H + 
transfer bolh in solution and in the solid state. 178 A related 
mechanism has been invoked for interconversion of tau- 
tomers in free base porphyrins and the porphine radical 
anion, 177 - 178 



h-N n-™ ™-nT>i-pii 



2.5. Biological PCET 

Except for single electron transfer carriers such as the 
cytochromes and ferredoxins, PCET is ubiquitous in biologi- 
cal redox reactions where molecular changes are tied to 
energy conversion. This includes photosynthesis and respira- 
tion, where coupled electron— proton transport chains create 
a transmembrane proton gradient and use it to produce 
ATP. 17 ' - 158 

2.5.1. Iron-Sulfur Proteins 

PCET has been clearly established for couples involved 
in dinitrogen reduction. A [4Fe-4S] cluster acts as a one- 
electron reductant for the [7Fe-Mo-9S-homocitrate] cofactor 



(FeMoco). It is present in the molybdenum— iron (MoFe) 
protein component where reduction of N 2 occurs. 189-19 '' A 
[8Fe-7S] cluster (P - ) has been proposed as an intermediate 
electron transfer site. It has sequential p 2 +'+, p+'° couples. 1 ' 3 
The P 2+l + couple is pH-dependent near pH = 7 with pjf,- 
(P i+ ) < 6,0 and pK s (P + ) > 8.5. The P-cluster has O-serinate 
(beta-Ser 188), peptide amide (aipha-Cys88), and cysteinate 
S ligands. 193 

A voHatiiinetric study on the [3Fe-4S] cluster in azubacler 
vinelandii Ferredoxin reveals that PCET occurs with reduc- 
tion accompanied by protonation. Mechanistically, rate 
determining electron transfer is followed by proton transfer. 
The duster is buried in a membrane and inaccessible to H 2 0. 
Proton transfer is facile only if an aspartate (DI5) resides on 
the membrane surface. 194 The kinetics and energetics of the 
coupled electon— proton transfer have been analyzed by 
protein-film voltammetry. 195 Proton transfer is mediated by 
a mobile carboxylate arm from an adjacent aspartate- 15 
residue. The possible roles of internal water molecules on 
the coupling of electrons and protons have been investigated 
by ab initio and molecular dynamics simulations. 156 

2.5.2 Superoxide Dismutases 

The Fe- and Mncontaining superoxide dismutase en- 
zymes. Fe(SOD) and Mn(SOD), catalyze the disproportion- 
ation ofsuperoxide, thus preventing O2 - initiated oxidative 
damage. 197-202 PCET is important in the reduction of 0 2 ~ 
to H2O2, which is part of the disporportionarion cycle in eqs 
38-39. Ez is an abbreviation for the enzyme, and M = Fe 
or Mn. ss - lw- ' 97 



+ rT + EttM 1 ") - 

+ EzH*{M H ) + H* 



Oj + EzH*(M"> 



(38} 
(39) 



Reduction of Fe'"(SOD) to Fe(II) occurs with addition of 
a proton, 203 most likely at coordinated OH - , eq 38. The 
coordination geometry at the active sites of the M(III) 
enzymes is trigonal bipyramidal with a ligand set consisting 
of three histidines, an aspartate anion, and OH - . The proton 
equilibria for Mn(SOD) are consistent with pAT a = 1 1.8 for 
the Mn(Il) form of the enzyme and pK a — 8.7 for Mn- 
(IH). 55 ' 204 ' 7 - 05 In an alternate interpretation, it has been 
proposed that Tyr-34, which is universally conserved, is 
responsible for the ])K a claimed Tor Mn(III). 20t 

2.5.3. PCET in Flavodoxin 

The electrochemistry of flavodoxin D, Vulgaris Hilden- 
borough (Fid), has been investigated on nanocrystalline, 
mesoporous Sn02 electrodes. Binding to the electrode is 
promoted by poly-L-lysine. The electrochemical measure- 
ments reveal two reversible redox couples that have been 
attributed to the quinone/semiquinone and semiquinone/ 
hydroquinone couples of the flavin mononucleotide <FMN) 
redox cofactor. For the Q/HQ' couple, E m decreases 51 mV/ 
pH unit, consistent with 3 le - /]H + couple (section 2.1), The 
rale of semiquinone reoxidation is pH-dependent and con- 
sistent with rate limiting deprotonation of the semiquinone." 

2.5.4. Membrane Effects on Redox Potentials 
Electrostatic effects can have a significant impact on 

biological membrane redox potentials, including those 
involving PCET. 20 - 70-73 They arise from reorientation of 
surrounding dipoles in a rigid medium, local neutralization 
by a counterion, and rearrangement of solvent dipoles at 
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Figure 10. Kinetic scheme for pH-dependent reduction of the 
galvinoxy/galvinol couple of a Cio-alkanethiol-terminated galvinoi 
tethered to Au. The redox-active site is circled. 

Figure 11. Structure of [Ru(dtbimp)(bimpyH 2 )] 2 '' 



surface-exposed sites. It has been proposed that long-range 
proton transfer in membranes may involve local, nonequi- 
librium conformations, equivalent to partial local denatur- 



2.6. PCET on Surfaces 

The proton-coupled electron transfer properties of solution- 
based couples have also been explored on surfaces and in 
thin films. 

2.6.1. "Tethered" Surface Couples 

On a Au microelectrode containing both adsorbed ferro- 
cenyl-thiol, Fc-C(0)(CHi)ioSH, and the hydroquinone de- 
rivative, H 2 Q(CH 2 ) S SH, the quinone/hydroquinone couple 
retains its solution pH-dependence, with the Fc + '° couple 
providing an internal reference. 207 

The ie" galvinoxy/galvinol couple of the Cm-alkanethiol- 
terminated derivative of galvinol, illustrated in Figure 10, 
exhibits a pH-dependence when adsorbed to Au. The pH- 
dependence was explained by a kinetic scheme involving 
sequential ET-PT as shown in Figure 10. The surface 
reduction potential for the galvinoxy/galvinol couple de- 
creased by 60 mV/pH unit up to pK a2 = 12.7, past which it 
became independent of pI-I. 2US— 2 10 

Similarly, the mercaptide-derivatized Ru complex shown 
in Figure 1 1 retains its PCET properties when adsorbed to 
Au. The pH-dependence of the Ru(III/II) couple was retained 
on the surface, although pK 3l[ and pAT a , 2 for both Ru(III) and 
Ru(II) increased by 2 pK, units compared to solution 
values. 211 

Cytochrome c (Cyt-c) was electrostatically hound to self- 
assembled monolayers (SAMs) of cu-carboxyl alkanethiols, 
-S-(CH 2 )„-C0 3 H, on Ag with n = 2, 3, 6, 11, and 16. The 
dynamics of electron transfer to and from the electrode were 
measured by time-resolved, surface-enhanced resonance 
Raman spectroscopy following a potential jump. The mea- 
sured km decreased exponentially with increasing distance 
until n = 6, which coincided with an increase in k^EiO)/ 
k(D 2 0) from 1.2 to 4.0. This effect was attributed to a 
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Figure 12. 4 [ 4'-(PO s H 2 ) 2 bpy. 



2.6.2. Directly Adsorbed Couples 

Monolayers of the anthraquinone carboxylic acid shown 
in eq 40 on mercury microelectrodes undergo chemically 
and electrochemically reversible 2e~/2H + reduction to the 
hydroquinone with Eia decreasing by 60 mV/pH unit at pH 



cCcr 



- = C<br C0 



The complex [Ru !l (tpy)(bpy)(H 2 0)} 2+ has si 
(1V/1I1) and Ru(lII/JI) couples at potentials only slightly 
shifted from those observed for ci.?-[Ru' i (bpy)2(py)(H20)] 2+ 
in Figure 2, The phosphonate-derivatized version, [Ru"(tpy)- 
(4,4-(P03H2)2bpy)(H 2 0)] 2+ , adsorbs strongly to metal oxide 
surfaces, including Ti0 2 and Sn(IV)-doped ln 2 0 3 (ITO) 
electrodes. The structure of the phosphonated ligand is shown 
in Figure 12. The pH-dependence of the Ru(III/II) couple is 
retained on the surface at potentials comparable to those in 
solution. However, the appearance of the Ru(IV/III) couple 
and oxidation to adsorbed [Ru ly (tpy)(4,4'-(P03H 2 ) 2 (0)] :+ are 
dependent on the extent of surface coverage. 106 Oxidation 
to Ru(TV) occurs by cross-surface disproportionation and not 
by direct oxidation (section 6.5. 1). 213 When adsorbed to 
surfaces of nanoparticle thin films of Ti0 2 on glass, adsorbed 
[Ru' v (tpy)(4,4'-(P0 3 H 2 ) 2 bpy)(0)]^ retains the extensive 
oxidative reactivity found for analogous polypyridyl Ru ,v = 
O complexes in solution. 18 ' 214 

2.6.3. Surface Couples 

pH-dependent redox phenomena are also observed at the 
surfaces of metal oxides and on metal surfaces that have 
been oxidatively treated to produce surface oxide coatings. 
Such procedures produce clusters or layers of metal atoms 
with exposed oxo/hydroxo functional groups analogous to 
the single unit M=0, M.-OH, and tvf-OH 2 groups in metal 
complexes. 

An example of such behavior occurs on Pd, which, when 
coated with NaOH and heated at 800 °C, produces an oxide 
surface and a PdO/Pd electrode which acts as a linear pH 
sensor from pH == 3 to 11. The observed pH-dependence is 
consistent with the half reaction PdO + 2e~ + 2H + - Pd- 
(s) + H 2 0. 2IS 

Cyclic voltammetric sweeps of Ru0 2 electrodes on Ti0 2 
display a broad but well-defined series of pH-dependent 

surface waves at 0.1, 0,5, and 0.9 V in I M HC10< vs 

SCE. 216 In cyclic voltammograms of nanoparticles of hydrous 
Ru(III) oxide adsorbed on polished boron-doped diamond 
electrodes, a Ru(TV/III) couple appears that has a Nerastian 
response {0.059 mV/pH unit) from pH 1 to 13. 217 

2.6.4. Solid State PCET 

For a variety of oxide materials, the absolute valence and 
conduction band edge energies vary with the pH of the 
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Figure 13. Vbpy and pyr-bpy ligands. 

cft> 

Figure 14. Phen (l,10-pli<;;i<ir.thrcliiic). 

external solution with band edges shifting ~60 raV per pH 
unit. 2 18-223 The origin of this effect has been explored in 
nanocrystalline Ti0 2 (anatase) electrodes by diffuse reflex 
tance measurements of llie conduction band gap, and 
by electrochemical quartz crystal microbalance (EQCM) 
measurements. 22,4 Over a range in acidity from H° - — 8 to 
+23, £ ct decreased by -64 mV/pH unit. The EQCM 
measurements revealed that the shifts in E& were ac- 
companied by proton uptake over the whole pH range. The 
data were interpreted by assuming that, at increasingly 
applied negative potentials, reduction to Ti(III) trap sites 
occurs accompanied by proton uptake, Ti lv 02 + e~ + H + 
— TFO(OH), which is reversible, Ti»'0(OH) - Ti™0 2 + 
e" + H + . The conduction band edge energy is controlled by 
the potential of the pH-dependent, Ti(IVYIII) trap site couple 
in the nanocrystalline material. 

The loss of pH-dependence at high acidity was attributed 
to equilibrium protonatton of Ti(IV) in the trap sites and the 
couple, [Ti lv O(OH)] + + e" — Ti nl O(OH). Similarly, the loss 
of pH-dependence at low acidity was attributed to the couple 
Ti tv Oi + a" - [Ti lv 0 2 ]-. 224 

2.7. PCET in Films 

2. 7. 1. Electropolymerized Films 

Thin polymeric Tilrrib of metal complexes containing the 
vinylbipyridine or pyrrol -bipyridine ligands shown in Figure 
13 can be prepared by electropolymerizalion on a variety of 
conducting substrates. 2 "" 1 " For vinylbipyridine complexes, 
reductive scans through bpy-based reductions in the potential 
region -0.7 to -1.7 V vs SSCE in CH 3 CN result in well- 
defined films whose thicknesses can be controlled by varying 
the scan rate and the concentration of complex in solution. 
A similar procedure for pyrrole containing ligands, but with 
oxidative scans past +0.8 V, also results in well-defined thin 
films. 

Electropolymerization followed by chemical or photo- 
chemical post-treatment was used to prepare thin films 
containing poly-cfj-[Ru(vbpy)3(H 2 0) 2 ] 2+ or poly-efs-[Ru(pyr- 
bpyj2(HjO)2] 2+ . M7 ' KS Electrochemical measurements revealed 
pll-dependent Ru(IV/IlI) and Ru(III/II) waves that were 
sensitive to cycling and aging effects. The films were 
electrocatalytically active toward oxidation of benzyl alcohol 
to ben2aldehyde and of CI" to Cl 2 based on the higher 
oxidation state Ru(Vl/V) and Ru(V/IV) couples, 227 

17.2. Ion-Exchanged Films 

The complex [Ru(tpy)(phen)(OH)] + (phen is 1,10-phenan- 
throline, Figure 14) was incorporated into a carbon paste 
electrode containing added Dowex 50W x 8, a strong cation 
exchanger. In the film, a reversible 2e~/H + oxidation to [Ru- 
(tpy)(phen)(0)P + occurs, and the trapped [Ru lv (tpy)(phen)- 
(0)] i+ /[Ru"(tpy)(phen)(OH)]' , ' couple acts as an electrocat- 
alyst toward oxidation of benzyl alcohol. 22 ' 



Electrochemical and EQCM measurements have been 
applied to a series of polyoxometalates ([PW]20 4 o] 3 ~, 
[SiWnO*)] 4 -, [PsWiaCy 6 -, and [P : W, 8 0 (> 2] 6 -) in slightly 
quartcmized poly-4-vtnylpyridine (QPVP) and polyaniline 
films. A le _ reduction, e.g., QPVP/PW n + e" — QPVP/ 
[PWu]-, followed by a le-'2H + reduction, QPVP/[PW, 2 ] 2 - 
+ e" + 2H+ — QPVP/H 2 PW 12 , was observed in all cases, 
with the difference in pH-dependence leading to a merging 
of the waves in acidic solution. A microenvironmental effect 
influences the pK t properties of the doubly reduced clusters. 
It shifts the potential at which the pH-dependent and 
independent couples overlap at higher acidities. 230 

2.7.3. Liquid Crystal Films 

The redox properties of the heme protein myoglobin (Mb) 
have been studied in thin liquid crystal films of didode- 
cyldimethylammonium bromide (DDAB) and phosphatidyl- 
cholines (PCs) by electrochemical and spectroscopic mea- 
surements. Two pH-dependent phenomena were observed. 
One, which occurs with pK^ = 4.6, was attributed to 
protonation of a histidine residue in a near lying hydrophobic 
region, MbFe(IH) + H* — MbFeflirj-H 4 -. 231 The second 
occurred at pH > 9 and was attributed to the pH-dependent 
Fe(Iimr) couple of the myoglobin core, MbFe'"OH + e" + 
H + — MbFe"-OH 2 . 

2.8. Excited States 

Electronic excited states have their own electronic struc- 
tures and associated properties. This includes acid-base 
reactivity and PCET, which can be significantly different 
from those of the ground state. 34 ' 3 """ 238 

2.8. f . Excited State Superacids 

The effects of changes in oxidation state or electron content 
on pAn have been documented in previous sections. This 
extends to excited states where changes in electronic con- 
figuration can significantly change acid— base properties. 254-2311 
Excited states that are sufficiently long-lived to be thermally 
equilibrated with their surroundings have their own pseudo- 
thermodynamic properties including redox potentials, pK a 's, 
etc. 

The acid— base properties of excited and ground states are 
related through the Forster equation in eq 41, which is 
derived from a thermodynamic cycle. 239 It relates excited 
state (p£ a *) and ground-state pA^ values (pK„) through the 
0-0 ground-state-to-excited-state energy differences between 
protonaled (hv(HA)) and unprotonated (hv(A - )) forms. The 
latter are often approximated as absorption or emission 
maxima from the corresponding spectra. 



AG= -2.3RTlog(K*/KJ = -0.059(pJf a - p*T a *) 

(ineVat25°C) (42) 

The Forster equation shows that the acidity of an excited 
state, HA*, is enhanced, compared to the ground state, when 
its energy content is greater than that of the excited state of 
the basic Form, A - *. Equation 41 is analogous to eqs 23 
and 24, which relate p^ a values to redox potentials. The 
difference in pAT a *s between excited and ground states gives 
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Figure IS. Pyranine and dicyanonaphthol. 



the free energy change for proton transfer between the two 
excited states, HA* + A" — A"* + HA, eq 42. 

The Forster equation is useful conceptually but often not 
practical because of the difficulty in obtaining and analyzing 
relevant spectral data. It is also limited to those cases where 
acid-base equilibria are reached during the lifetime of the 
excited state, which is frequently not the case. 

According to eq 41, if the 0-0 energy of HA* is greater 
than the 0—0 energy of A - *, pK n * < pK„ and the acidify of 
the excited stale is greater than that of the ground state. The 
phenomenon of enhanced excited-state acidity has been 
studied extensively in aromatic hydroxyarenes, In the excited 

ArOH — ArOH* - ArO~* + H + 

states of these molecules, there is a redistribution of electron 
density away from the O-atom of the O-H bond which 
causes acidity to increase. 

Substituent and solvent effects have been used to design 
excited states which function as "super" photoacids. In these 
excited states, proton transfer is in competition with excited- 
State decay, proton loss induced quenching, and homolytic 
O-H bond cleavage." 7 The increase in excited-state acidity 
can be considerable. For example, pJ^* = —4.5 for the 
dicyano-2-naphthol derivative shown in Figure 15. 



Proton dissociation in the excited state of the sulfonated 
pyrene derivative pyranine {8-hydroxy-l,3,6-pyrenetrisul- 
fonate) in Figure 15 has been investigated by theory and 
femtosecond transient spectroscopy. 243 Based on this analysis, 
key microscopic elements in photoinduced proton transfer 
are the quantum nature of the proton nuclear motion and 
electrostatic coupling with surrounding polar solvent mol- 
ecules. The barrier to proton transfer is dictated by solvent 
rearrangement and the proton tunneling distance rather than 
the barrier height. 

Events occurring on three different time scales were 
observed for proton loss from excited pyranine. The first 
(< ~300 fs) was attributed to surrounding aqueous solvent 
dynamics, the second (~2.2 ps) to a change in electronic 
state, and the third (—87 ps) 1o the actual proton transfer 
event. 
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Figure 16. Schematic energy level diagram for d 2 trans-{Ke v ipy^- 
(0) J + with the O-Re-0 bonding axis defined as the z-axis. The 
diagram illustrates the effect of 2p^Q) mixing with d*, and d^, 
which imparts antibonding character, giving <bt*fyxja). It also 
illustrates d v — dar* excitation to give the 3 Eg excited state. 

Figure 17. Bpz and Bpm. 

2£.Z Proton Transfer Quenching of trans-[Re v (py) 4 - 

Excited-state acid— base effects have been documented for 
other metal complex excited states. 35 ' 238 For d 2 lrans-[Rs v - 
(py)i(0)j] + , defining the O-Re-0 bond axis as the z-axis, 
antibonding character is imparted to and by 2p s (0) 
mixing. The in-plane d orbital d*, remains relatively unaf- 
fected. This results in the schematic energy level diagram 
shown in Figure 16. As indicated in this diagram, d. v — * dji* 
interconfigurationsl excitation, followed by spin intercon- 
version, gives the 3 Eg excited state. It emits at 650 nm in 
CHjCN with a lifetime of 10 /is. 246 " 259 

In contrast to the case of the hydroxyarenes, the basicity 
of the 3 E S excited state is enhanced because excitation results 
in electron occupation of a cbr* orbital in the excited state. 
The electron density at the oxo groups is increased, as shown 
by an increase in Re-0 bond length of 0.07 A. 245 The 3 E g 
excited state undergoes proton transfer quenching in CH r 
CN with a variety of organic and inorganic acids 247-245 and 
even with metal hydrides. 250 The AG-dependence of for 
these reactions has been treated by application of Marcus- 
Hush electron transfer theory in a form originally applied to 
excited-state electron transfer quenching (section 5. 1) 25: and 
later to proton transfer. 252-257 Analysis of these data gave 
pK* ~ 1 1 for rj-ans-[Re v (py),i(0)(OH)] + * compared to pK^ 
< 0 for the protonated ground state. 247 

2.8.3. MLCT Excited States 

In polypyridyl drr* complexes, such as [Ru(bpy)3] ?+ , the 
lowest thermally equilibrated excited state is a largely triplet 
3 [d 5 7r*'] metal-to-ligand charge Iransfer (MLCT) excited 
state. In this state, the excited electron occupies a single 
ligand, [Ru III (bpy-)(bpy) 2 ] 2+ *, although the excited-state 
dipole rotates through the three ligands on the picosecond 
time scale. 238 " 263 Spin— orbit coupling and low symmetry 
split (he triplet state into a manifold of three closely spaced 
states which behave kinetically as a single state at room 
temperature. 264-269 

In heteroleptic complexes containing bpy and the N 
heterocycles bpm (2,2'-bipyrimidine) and bpz (2,2'-bipyra- 
zine), the bpm and bpz ligands offer external N-atom proton 
acceptor sites and lower n* acceptor orbitals than bpy. The 
x* energy ordering is bpz < bpm < bpy (Figure 17). In the 
one-electron reduced forms of the mixed ligand complexes, 
the electron is added to the ligand having the lowest ti* 
acceptor level. 

In the series of nine possible homo- and heteroleptic 
complexes containing varying combinations of bpy, bpm, 
and bpz, those that contain at least one bpm or bpz ligand 



A related phenomenon has been reported for the Ir(III) 
complex rjr llI (phen)(Cp*)H] + (phen is 1,10-phenanthroline, 
Cp* is pentarnelhylcydopentadienyl anion, CsMes - ). In this 
complex, visible, metal-to-ligand charge transfer, Ir 1 " — phen 
(MLCT) excitation in CH 3 OH, followed by intersysiem 
crossing (k = 3-4 x 10'° s" 1 ), gives a lowest lying MLCT 
excited state, [Ir lv (phen'~)(Cp*)ITJ + '*. It subsequently un- 
dergoes H + loss and internal electron transfer, 
[Ir lv (phen-)(Cp*)H] + * - [tf(phen)(Cp*)J + H + (*„ = 8.1 
x 10 s s ')> which provides a basis for enhanced acidity. 240 
The kinetics of proton loss following excitation can be 
very rapid, limited by solvent relaxation in some cases. 241 " 244 
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act as proton acceptors in both the Ie~ reduced form and in 
the corresponding MLCT excited states. The electron is 
added to the ligand having the lowest ji* acceptor level. 270 ' 271 
Where it is observable, emission from the protonated excited 
states is significantly red-shifted compared to the deprolo- 
nated form with Av ~ 3000 cm™ 1 for piu(bpm) 2 (bpzH + )J 3 - t *. 
This is consistent with enhanced excited-state basicity with 
p£„* > pK„ since an electron is excited to a Jr*(bpm) or 
jr*(bpz) level.- 70 For example, pK a * = 4.4 for [Ru m (bpyh- 
(bpzH*)] 3+ * compared to pK a < 0 for the ground state of 
[Ru ll (bpy)2(bpzH)] 3+ . 272 The once-reduced complexes are 
even stronger bases with pK a - 9.2 for [Ru"(bpyHbpzH , XT. 

Protonation significantly increases the oxidizing power of 
the excited state with £°' = 1.44 V (vs SCE) for the couple 
[Ru lll (bpy)(bpzH , )] 3+ */[Ru ,l (bpy) 2 (bpzH')] 2+ compared to E 0 ' 
= 1.16 V for [Ru iII (bpy)(bpz-)] 2+ */[Ru il (bpy) 3 (bpz-)] + . The 
potential difference between the two can be calculated from 
the difference in excited- and ground-state pK^s by using 
eq 24. 

MLCT excitation of the bridged complex [(phen^Ru- 
(tatpq)Ru(phen),] 4 " in deoxygenated CHjCN with added 
triethyl amine (NEts) results in reduction and protonation at 
the tatpq bridging ligand (Figure 18). Continued photolysis 
results in stepwise 4e~ reduction of the bridge. 273 The 
mechanism involves irreversible reductive MLCT quenching 
to give ,+ NEt3 and the reduced complex, which undergoes 
proton loss and further oxidation. 2 " 

3. pH-lnduced Redox Phenomena 
3.1. Introduction 

PCET is induced by oxidation or reduction at single 
chemical sites or clusters. As shown by the example in eq 5 
and application of the Nernst equation, changes in pH can 
cause electron transfer to occur by changing the equilibrium 
distribution of a pH-dependent reaction. A change in pH 
creates a driving force for molecular energy conversion or 
"transduction". Transduction, in this case, is induced by a 
change in pH and its effect on the equilibrium distribution 
between the components of a redox couple. In the example 
in eq 5, a change in pH above pH =6.2 results in a new 
equilibrium distribution which is reached by electron transfer, 
™-[Ru lv (bpy) 2 (py)(0)] 2+ + [0 S "(bpy) 3 ] 2+ + H+ - c«-[Ru ! "- 
(bpyh(py)(OI-l)] 2+ + [Os'^bpy),] 3 ^. 



Figure 19. 4,4'-Bpy. 



Figure 20. Em-pH diagram for [(tpy)(bpy)Os"(4,4'-bpy)Ru u - 
(H20Xbpy)J* + in HA I = 0.1 M, vs SSCE. Oxidation state and 
proton compositions are indicated in those potential -pH domains 
where they are the dominant forms. The dashed line for the Os- 
(]II)-R.«(rV)/Os(ni)-Ru(III) couple was calculated by extrapola- 

Reverse transduction occurs in biological membranes 
where local pIT changes, induced by electron transfer, create 
a local pH gradient. The pH gradient drives long-range proton 
transfer and, in respiration, conversion of ADP to ATP. 

3.2. pH-lnduced Electron Transfer, Energy 
Transfer, and Chemical Change 



The iigand-bridged complex [(tpy)(bpy)0s"(4,4'-bpy)Ru 11 - 
{HiO)(bpy)2] 4+ contains both pH-dependent (Ru'"-OH 2l 7 
Ru"-OH 2 2+ ) and pH-independent (Os(III/II)) couples (Figure 
19). In strongly acidic solution, le~ oxidation gives the 
mixed-valence form [(tpyXbpy)Os lll (4,4'-bpy)Ru ll (H 2 0)- 
{bpy)2] 5+ , loss of a second electron gives [(tpy)(bpy)Os"'- 
(4,4'-bpy)Ru IU (H 2 0)rbpy) 2 ] s * and loss of a third gives 
[(tpy)(bpy)0 S '»(4,4'-bpy)Ru' v (0)(bpy) 2 ] 5+ . 

A potential— pH diagram for this complex is shown in 
Figure 20. In this complex, the pH-induced intramolecular 
electron transfer reaction in eq 43 was demonstrated by pH 
jump experiments. 275 

RTpjHbEy)Di"'R4'* w )Ru 1l (H,ONbp J ) J I 5 - 

l(1pyKlir'!')Os"W-ljpytR» lll (OHXbpy) J J s - («) 

Similarly, the second pH-induced intramolecular electron 
transfer in eq 44 was demonstrated in the twice-oxidized 
complex, [(lpy)(bpy)Os !ll (4,4'-bpy)Ru !ll (OH)(bpy) 2 ] 5+ . In- 
tramolecular electron transfer in this case forms Ru IV =0, 
which has a significant impact on reactivity. A slight pH 
change results in a rate enhancement of ~1000 in the 
oxidation of p-isopropylbenzoate anion to the corresponding 
ketone by the Ru=0 form. 275 

[CTpyKi'P>')0=" l ('l.4'-bw)Ru nl fOlI)Cbpyhr- + OH" - 

KwKI>pyK> ! i"(4,4'-bpy)Ru lv (ORbpy) 1 r' + H,0 m 

3.Z2. pH-lnduced Energy Transfer 

Similarly, pH-induced, ii 



been demonstrated in both [(tpy)(bpy)Os"(4,4'-bpy)Ru 11 - 
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Figure 21. Benzotriazole and 2,2'-bis(benzirmdazol-2-yl)-4,4'- 
bipyridine. 

(H20](bpy)2]' ,+ and its mixcd-valencc form. MLCT excitation 
of the Os(II)-Ru(II) complex at Ru(II) is followed by rapid, 
efficient Ru"* — Os" energy transfer, eq 45. The sense of 
the energy transfer is reversed above pH - 1 0.3, eq 46. 236 



.■■ , in J o)it|. V ) ; r"- 



r-bpylRu'WjOXbp)),!"- < 



ItrpyKbpyUX '(-1 ^.bry-i'Hu" (QHXtjoJkf (45) 

The mixed-valence form acts as a pH-dependent light 
switch. There is no emission from [(tpy)(bpy)Os" l (4 1 4'-bpy)- 
Ru !l (H;0)(bpy))J s+ because of rapid aoimidiativc decay from 
the MLCT excited stale [(tpy)(bpy)Os 1II (4,4'-bpy-)*Ru iu - 
(H 2 0)(bpy)J 5+ . Excitation of [(tpy)(bpy)Os II (4,4'-bpy)Ru ,l, - 
(OH)(bpy),] 4+ leads to emission from the Os'"(tpy-) MLCT 



3.2.3. pH-!nduced Changes in Electronic Coupling 

Deprotonation of the mixed-valence complexes 
[(edta)Ru liI (btaH)Ru il [edta)] 3_ (edta is ethylenediaminetet- 
raacetate, btaH is benzotriazole) and [{bpy) 2 Ru(bbbpyH 2 )- 
Ru(bpy) 2 ] s+ (bbbpyHi is 2,2'-bis(benzimidazol-2-yl)-4,4'- 
bipyridine) at the bridge changes the extent of Ru(III)-Ru(II) 
electronic coupling (Figure 21). IM - 277 

3.2,3.1. pH-Induced Electronic Derealization in Azur- 
in. In an engineered Cu A center in azurin at pH = 7 (Figure 
22), EPR and UV- visible measurements point to a delo- 
calized Cu IJ — Cu'- 5 core. Protonation causes changes in the 
absorption spectrum and a four-line EPR hyperfine spectrum, 
which are consistent with a trapped valence, Cu(II)— Cu(I), 
core. Protonation occurs at the C-terminal histidtne :igand 
(His-120), as shown by site-directed n 



3.2.4. Reversible 0, Evolution from cis-[0^ v (tpy)(CI) 2 (NS- 
(0)-3,5-Me 2 CsH 3 )] 

Oxidation of the sulfilimido complex cw-[Os' v (tpy)(Cf)r 
(NS(H)-3,5-Me 2 C 6 Hj)] + by Me 3 N— O gives the correspond- 
ing sulfoximido complex cw-[Os iv {tpy)(Cl) 2 (NS(0)-3,5- 
Me2CsH 3 )]. It is a pH-dependent 0 2 carrier undergoing rapid 
(less than millisecond) release of Oj upon addition of a strong 
acid by a reaction that is reversible upon addition of a base, 
eqs 47 and 48.™ 



liCMCtpyxatOi 1 
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3.3. pH-Induced Redox Effects in Films 

3.3.1. Intra- and Inteifilm Electron Transfer 

The bilayer polymeric film structure, electrode II poly [Os- 
(bpy) 2 (vpy)J(PF e ) 2 | rafion-cw-[Ru l '(bpy) 2 ( P y)(H 2 0)](FF 6 ) 2 
(vpy is 4-vinylpyridine, Figure 23), was prepared by reduc- 
tive electropolymerization of the Os complex (section 2.7.1), 
followed by evaporative deposition of an outer film of Naffon 
and incorporation of c/5-[Ru"(bpy) 2 (py)(H 2 0)] J+ (Ru n - 
OH 2 2+ ) by ion exchange. 

pH-induced electron transfer through the inner film was 
demonstrated by varying the pH in the external solution as 
din eqs 49-51. 280 



BlKIW* I OS"' [ i^'-OHi 1 ' | { 1 

Hydrolysis of the trimethoxysilane derivative [BV-Q- 
BV] 6+ (Figure 24) produces redox-active films on Pt by 
— Si— O— Si— cross-linking, The internal quinone/hydro- 
quinone couple, Q + 2e~ + 2H + — H 2 Q, is mediated by 
the pH-independent BV=+''+ couple: (I) BV 2+ -Q-BV 2+ + 
2e" — BV+-Q-BV+ followed by (2) BV+-Q-BV+ + 2 
H + - BV^-J^Q-BV 2 *. 281 

3.3.2. pH-'Encapsulalicn" 

In films oflhe derivatized poly-4-vinylpyridine polymer 
in Figure 25 on glassy carbon electrodes, cyclic voltammetric 




Figure 22. Structure of the Cu A site in engineered Cu A azurin 
showing the surrounding ligands: methionine (Met), hisridine (His), 
glycine (Cly), and cysteine (Cys). Reprinted with permission from 
ref 278. Copyright 2004 National Academy of Sciences. 
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Figure 25. Derivatized poly-4-vinylpyridine polymer. 

o^^-crccrjVO-CFj.crj-soj-.Na' 

Figure 26. Nafion. 

measurements as a function of pH revealed the presence of 
the expected pll-dependent Ru lll -OH 2 VRu lt -OH 2 2+ couple 
until the onset of the pK a for the unbound pyridyl groups in 
the films (pH ~ 5). Further increases in pH had no effect 
on Em, which remained fixed at 0.63 V (vs SSCE). The 
effect is reversible, with the Ru(III/II) wave reappearing when 
the pH of the external solution was decreased to 4. 282 

The loss of pH-dependence was described as a "pH 
encapsulation effect". When protonated, the interior of the 
film is impregnated with water and opened to the buffer 
components in Iht: ralnmal solution. When deprotonated, the 
interior is nonpolar and water, and the buffer components 
arc extruded. 282 

Related effects have been observed in thin films containing 
m-[Ru II (bpy) 2 (py)(H 2 0)] 21 ' or [Ru(tpy)Cbpy)(H 2 0)] z+ ion- 
exchanged into Nafion (Figure 26) on glassy carbon elec- 

The complexes partitioned into three different phases, only 
two of which were electroactive. E- tn for a film-based Ru" 1 — 
OH 3+ /Ru"-OH 2 :!+ couple or couples decreased 59 mV/pH 
unit from pH = 1 to 6. Past pH = 6, both pH-dependent 
and pH-independent waves appeared, the latter, at Em = 
0.56 V (vs SSCE, 0. 1 M ClOn, providing a second example 
of "pll encapsulation". Exchange among the three phases 
occurs on a time scale of seconds 2S3 

4. Mechanistic Aspects of Proton-Coupled 
Electron Transfer 

4.1. Introduction 

The examples in section 1 demonstrate a thermodynamic 
relationship between electron and proton transfer, and those 
in section 3 demonstrate that the relationship provides a basis 
for energy transduction. A second theme is mechanistic. How 
do PCET reactions occur? Are electrons and protons 
transferred singly or in concert? For conceited electron- 
proton transfer (EPT), what are the microscopic details 
defining reaction barriers and rates? A theoretical basis for 
understanding EPT is available from electron transfer theory, 
and it provides a useful starting point. 

4.2. Electron Transfer 

For the generic intramolecular electron transfer reaction 
in eq 52 or electron transfer within an association complex 
of reactants in eq 53, the rate constant, k er , is given in the 
classical limit by eq 54. A barrier to electron transfer exists 
arising from changes in intramolecular structure at the 
electron transfer donor (£>) and acceptor (A) and from 
reorientation of solvent molecules in the surrounding me- 

D-A — D + -A" (52) 



D,A — D + ,A~ (53) 

k ET = v^AxXRTf" 1 exp -[ j (54) 

In eq 54, vet is the frequency factor for electron transfer, 
and A is the total reorganization energy. It is the sum of 
intramolecular, Ai, and solvent, A 0 , reorganization energies; 
see eq 55. They include contributions from both reactants 
and are related to the reorganization energies for the D + '°, 
A D , and A" - . A A self-exchange reactions by eq 56. '^s^ 95 

A = A| + A 0 (55) 
*i = (\A + li.D> /2 «»d ^ = (\a + <dV2 <56) 

A Get is the free energy change for the electron transfer 
step. Bimotecular electron transfer is a three-step process 
with preliminary association of the reactants, eqs 57—59. In 
this case, A Get is the free energy change for electron transfer 
within the association complex. It is related to the overall 
AG change in the prevailing medium, AG"', as shown in eq 
60. 

D + A "* D, A: K A (Atf epp ) (57) 

D,A — D + ,A~: r ET , A(AG ET AG,) (58) 

D + ,A--D + + A- (it/)" 1 (-AG f app ) (59) 

AG ET * AC C = AC 0 ' - (AG^p - AG f app ) = AG™ + 

AAG app (60) 

As defined by Krishtalik, the quantity AG C in eq 60 is the 
free energy change between reactants and products in 
appropriate configurations (inlemuclear separation, relative 
orientations, ...) for electron transfer to occur (section 
5.5.4). 2S6_2 ' S For bimolecular electron transfer, AGet ft* AG C . 
In eq 60, AG ! „ PP and AG r app are the free energy changes for 
forming the reactants and products in appropriate configura- 
tions for electron transfer with AAG, PP = ACapp - AG" W . 
For charged reactants, the AG opp terms include an electrostatic 
part, the "work" terms, for formation of the electron transfer 
precursor and successor complexes; note eq 77, 
below. 257 " 289 ' 294 ™ 293 

4.2. 1. Reorganization Energies 

In the limit that D and A in eqs 57—59 can be treated as 
non-interpenetrating spheres and the solvent as a dielectric 
electric continuum, A„ is given by eq 61. In this equation, 

D e p and D s are the optical and static dielectric constants of 
the medium, u\ and 02 are the radii of D and A, d is the 
intemuclear separation distance between D and A, and e is 
the unit electron charge. More accurate representations of 
the actual molecular geometry have been derived based on 
ellipsoidal cavities 294 - 299 and, more generally, by using a 
frequency-resolved cavity model (note refs 327, 328). 
Molecular-level solvent effects have been introduced by 
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separating A„ into components arising from orientationat 
fluctuations of solvent dipoles and density fluctuations. 30 ' -3 " 

The effect of solvent on electron transfer has been 
investigated in detail both experimentally and theoreticai- 
ly _2»sj86^a-292.29,.29sji»-3ii Electronic delocalization along the 
electron transfer axis can greatly decrease the effective 
electron transfer distance compared to the molecular inter- 
nuclear separation dislaiiL-e 3—3 ll * 

There is experimental evidence for noncontinuum effects 
with H2O/D2O kinetic isotope effects as high as 1.5-2 
observed for outer-sphere electron transfer and for electron 
transfer at electrodes. 3 ' 5 ' 31 * Nonradiative decay of the MLCT 
excited state(s) of [Ru(bpy)3] 2+ and related polypyridyl 
complexes of Os(II) occurs with AfHiOy^DjO) - 

In these cases, there is no basis for specific interactions 
with the solvent and the isotope effects necessarily arisen 
from quantum effects since there is no significant difference 
in dielectric properties between H 2 0 and D 2 0 until the onset 
of a series of water cluster fibraiions at ~450 cm"'. Isotope 
effects may arise by coupling of electron transfer to water 
Iterations or v(0— H) modes. The magnitudes of these effects 
are important since kinetic isotope effects of the same 
magnitude have been cited as evidence for multiple-site EPT 
mechanisms with the solvent acting as proton acceptor or 
proton donor (section 5.5). 

Ai is given by a sum over coupled normal modes, j, in eq 
62. Vibrational coupling to electron transfer occurs if there 
is a change in equilibrium structure and associated equilib- 
rium displacement (A(3 tv *■ 0) between reactants, D-A or 
D,A, and products, D'-A" or D H \A"\ In eq 62, fj is the 
force constant for mode j, Sj is the electron-vibration coupling 
constant or Huang-Rhys factor, and kcoj (-hvj) is the 
vibrational quantum spacing. Sj is related to AQ e j as shown 
in eq 63 with M i the reduced mass. Equation 62 assumes 
equal vibrational spacings (and force constants) for mode j 
in the reactants and products. 

J 2 J 

Sj= l l 2 WjC0/h){*Q e ;f (63) 

4.2.2. Barrier Crossing 

In the limit of weak electronic coupling, the dynamics of 
barrier crossing are controlled by slow electron tunneling, 
the nonadiabatic limit. In this limit, y ET = v c with v c the 
electron tunneling frequency, defined in eq 64, which comes 
from time-dependent perturbation theory. Hda (or H ib or K PT ) 
is the electron transfer matrix element, eq 65. It is the 
interaction energy arising from donor (ip D ) acceptor (ip A ) 
electronic wave function mixing. Mixing of the wave 
functions is induced by the electrostatic perturbation between 
D and A as represented by operator H in eq 65. 

"ET = *c = |^DA 2 (64) 

#da = <VaI#H>d> (65) 

In the "adiabatic" limit, electronic coupling is sufficient 
(approximately tens of cm -1 or greater) that the transferring 
electron is always in equilibrium with the nuclear motions 
that create the electron transfer barrier. In this limit, v ET is 
dictated by the dynamics of the slowest nuclear motion or 



motions coupled to the inter/conversion between initial and 
final states and barrier crossing. These are typically collective 
solvent dipole reorientations, eq 66. 3 15-321 In the intermediate 
regime, v ET is given by the kinetic average, eq 67. 

"et^ (66) 

"et'^OT'+V') (67) 
4.2.3. Including Quantum Modes 

The classical approximation is inappropriate for high- and 
medium-frequency vibrations with hv = hco » k$T, and they 
must be treated quantum mechanically. For a single coupled 
mode or averaged mode with hm »■ k a T, only the v = 0 
level is significantly populated, and k&s is given by eqs 68 
and 69. These equations also assume that there is no change 
in frequency between reactants and products with us = 

<:y 'J285,:S7-2!)2,IW.J9S.322-3;8 

*et = VtrrX^M^O)) 2 (4^rA 0>L ) ,/2 exp - 



*et = EW (69) 

<X("')IX("=0)> 2 - exp "(S)(fJ) (70) 

&ET is a sum of k's for separate vibrational channels starting 
from the v - 0 level in D-A or D,A and ending up in the 
v' in D + — A - orD + ,A~. For each channel, k ET y is a product 
of three terms: (1) Vet, (2) the square of the vibrational 
overlap integral, 0t( 1 Ol/E( [ ^O)) s , and (3) a classical expo- 
nential barrier crossing term. The latter gives the Boltzmann 
population of D-A or D,A pairs in the ensemble that have 
the free energy content and distribution among coupled 
vibrational and solvent modes required for electron transfer 
to occur with energy conservation. In the classical limit, this 
occurs at the top of the barrier where the energy-coordinate 
curves for reactants and products intersect. 

The vibrational overlap integral gives the extent to which 
the initial and final states coincide along normal coordinate 
Q. It is the quantum equivalent of the intersection between 
energy curves in a classical barrier crossing. Its origin is the 
probabilistic uncertainty in spatial coordinates for particles 
at the quantum level. For a harmonic oscillator with no 
change in frequency between the initial and final states, w 
= w', and the vibrational overlap integral is given by eq 70. 

Coupled low-frequency modes are iucluded in eq 68 
through /t 0iL which is defined in eq 71. 394 

*o.L = A tt + A iiL (71) 

A;,l is defined in eq 72. It is the reorganization energy 
contributed by low-frequency modes treated classically. The 
summation is over the coupled vibrations; note eq 62, 

*U. = 5>M (72) 

For the more general case of a single coupled high- 
frequency mode or average mode with contributions from 
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levels above v = 0 in the reactants, the expression for k ST is 
given by eq 73. 

(AG^ + ^'-z^+A^ 2 ! 



*K,lRT J 
AG ET (y,i/) = AG ET + (tf- vfica (74) 

In eq 73, the p{u) values are Boltzmann populations in 
level v. AGhtCiw') in eq 74 is the free energy change for 
the v — v' vibrational channel. The expression for £et in eq 
73 can be generalized to include multiple coupled modes 
and changes in frequency." 2 - 323 

As discussed in section 5, the result in eq 73 is of direct 
relevance to coupled electron— proton transfer (EPT). The 
same microscopic factors influencing reaction dynamics- 
intramolecular structural change, solvent coupling, electronic 
interactions, and coupling of quantum modes— are at piay 
in each, 

4.2.4. Bimolecular Reactions 

For bimolecular reactions that occur well below the 
diffusion-controlled limit, the scheme in eqs 57-59 applies. 
As shown in eq 75, the experimental rate constant, £ ols , is 
given by the product of fer and a preassociation constant, 
K A . As defined in eq 76, K A is determined by the inteniuclear 
separation distance, d, Avogadro's number, N A , and an 
electrostatic energy of association if the reactants are charged, 
w, From the Eigcn— Fuoss equation for spherical tons in a 
dielectric continuum, w is given by eq 77 with Z, and Z 2 the 
ion charges, e the unit electron charge, Ds the static dielectric 
constant of the medium, / the ionic strength, and fi the Debye 
length (87rW A e 2 /IO00Z?s«7) l ' 2 . 2S!5 



Kt>i — K tJ c f.n 



(75) 



dD 



a range 



More generally, electron transfer can o 
of separation distances and favored o " 
mize electronic orbital overlap. In more complete analyses, 
K A is replaced by an integral over a range of separations 
and relative orientations. 287 - 288 - 25 " 5 - 297 This is important in EPT, 
where a preformed H-bond or related interaction is required 
given the short-range nature of proton transfer (section 5.3). 

In the generalized electron transfer mechanism in eqs 57— 
59, AGet is determined by AG 0 ' and the association constants 
for the reactants, D + A = D,A (K A l and products, D' + 
A" = D 4 ,A" (K A ') t with the three related as in eq 78. As 
mentioned above, AGet«; AG c with AG C the configurational 
free energy change. Also, K A exp -[AC m fRT] and K' A 
w exp -[AGViff] in eq GO Mt >- m 



Near the diffusion-controlled limit, 10'— 10" M~' s" 1 in 
water and polar organic solvents, rate constants for diffusion 
(fcrj) and electron transfer (k^jK^) are comparable and 
kinetically coupled. They are related to the observed rate 
constant, £ 0 bs, by eq 79. 



1 



1 



1 



(79) 



AG ET = AG 0 ' + RT\n(K^K A ') 



(78) 



The classical electron transfer barter expression in eq 54 
can be expanded as shown in eqs 80 and 81 , which neglects 
differences between K K and K A and assumes corrections that 
can be made for diffusion, if needed, by using eq 79. 

The expressions in eqs 80 and 81 account for the free- 
energy-dependence of & E T in a closely related series of 
reactions where AG°' is varied by varying the reactants. 
&er(0) is the rate constant for a hypothetical reaction in the 
series with AG 0 ' = 0. The behavior predicted by eqs 80 and 
81 has been experimentally observed. 333 Based on these 
equations, when A »» AG°', the AG°'/A term is negligible 
and RT In i E T is predicted to increase as —AG 0 ' 12. 

*et = vMAnRTX)-^ exp ^A + 2AG 0 ' + ^] 



\nk EC = ]nk E[ (Q)-^l+^ (81) 

4.2.5. Cross Reactions 

From Marcus theory, it is possible to relate the rate 
constant for an outer-sphere electron transfer reaction, D + 
A — ■ D + + A", ftij, to the free energy change, AGi2 = 
AG 0 ' -RT In K\ 2 , and rate constants for the associated self- 
exchange reactions (£, , for D +x> and k n for A w ~). In the rela- 
tionship in eq 82, the quantity/is defined in eq 83. Depend- 
ing on time scale, self-exchange rate constants are typically 
measured by isotcpic labeling or by NMR or EPS. line broad- 
ening. Equation 82 follows from eq 54, assuming that A !2 = 
V 2 (A, , + A 22 ) and tar.12KA.12) = KvET.nKA.uXverAn)]" 2 , 
with the term (4jzrJ?7A)" 2 included in v E t,h and v ET ,22- For 
reactants and products of different charge types or with a 
significant mismatch in size, an electrostatic correction factor 
must be applied to cq 82 

k ]2 = (k i} k 2l K 13 /) if2 (82) 
(lntf 12 ) 2 

Equation 82 was derived for outer-sphere electron transfer 
in the nonadiaric limit. It has been successfully used to 
correlate electron transfer rate constants and to calculate 
quantities {k, A) for reactions for which experimental data 
are lacking. Although there is no direct theoretical justifica- 
tion for its application in such cases, it has also been found 
to correlate data involving bond rupture and fonnation, 334-337 
hydride transfer, 338 proton transfer, 252 ' 33 ' and H-atom trans- 
fer. 340 

4.3. PCET; Energetics and Mechanisms 

4.3.1 Stepwise Mechanisms 

In the absence of coupled electron-proton transfer (EPT), 
PCET reactions occur by stepwise mechanisms: electron 
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Figure 27. pH-dependent cyclic voltammograms for /?-ans-[Os ul - 
CW)(Cl)j(NH3)] + in water, 7 = 0.1 M, vs SSCE at 100 mV/s. Scan 
directions are indicated and waves labeled for the oxidation of Os- 
(III) to Os(IV) (A), for the oxidation of Os(IV) to Os(VI) (B), and 
for reductions of an intermediate (I) and of Os(Vi) (II). The Os- 
(III/II) couple appears at E int ~ — 0.1S V, taken from ref 134. 

transfer followed by proton transfer, ET-PT, or proton 
transfer followed by electron transfer, PT-ET. For PCET, 
these mechanisms can impose high reaction barriers and low 
rates. 292,3 '"' 3 '' 2 This includes electrochemical reactions at inert 
electrodes where the only available mechanisms are ET-PT 
or vice versa. Slow electron or proton transfer can cause 
irreversible electrochemistry, and complicated, pH-dependent 
current— potential waveforms. s^ 343 - 63 - 64 

An example is the chemically reversible, 3e~/3H + oxida- 
tion of /ran5-[Os" I (tpy)(CI) 2 (NH3)] + to 'rcww-rOs^tpyXCOr 
(N)] + in eq 31 (section 2.3.2). That the reaction is mecha- 
nistically complex is shown by the pH-dependent cyclic 
voltammograms of frarts-[Os l "(tpy)(CI)2(NH3)] + in Figure 

27 I34.13P 

A qualitative mechanistic analysis of the data pointed to 
the importance of slow N-H transfer. It was suggested that 
rate limiting proton transfer occurs from rrans-[Qs ln (tpy)- 
(COzfNHj)] 4 to OH" (not H 2 0) followed by rapid oxidation 
to franj-[Os iv (tpy){Cl)2<NH 2 )]+. Similarly, rate limiting loss 
of 2H + to 20I-T is followed by rapid oxidation of trans- 
[Os lv (tpy)(Ci) 2 (N)]~ to Os(V). The possible intervention of 
MS-EPT pathways, as elucidated by Saveant and co-workers 
for other electrochemical reactions (section 6.5.3), was not 
considered in the analysis. 

Another example, relevant to electron— proton coupling 
in biological reactions, occurs in the slow reduction of the 
oxyferryl heme in cytochrome c peroxidase (CCP) by [Ru 11 - 
(NH 3 )s] z+ bound to His-60 (histidine-60). Slow electron 
transfer was attributed to a large reorganization energy at 
the oxyferrylheme. 343 A more likely explanation is that le~ 
reduction of the ferryl, Fe !v =0 + e" — ■ Fe ll! -0" (eq 84), 
is energetically unfavorable, much as reduction of c/'i-[Ru IV - 
(bpy)2(py)(0)] J+ in eq 6. 

Reduction of the oxyferryl heme site of horse heart 
myoglobin (HHMb) by IRu'^NHaJsj 2 " 1 ' attached to surface 
His48, 12.7 A from the heme, was found to be pH-dependent 



IfNH,) 1 Ri. 1, (His«))-F^''.0] - [{(tm :t ) ! Ru ll 'r<HisS<>>-rV 11 .0'] <S4> 

l!(NH 3 > ! Kil" l J*{His«)).Ft" , ^)T + 2H* 3t [fNH.0 ! Rii u, (Hi!60).Fe" , 41HJ* <B5> 

from pH = 5.8 to 7. M4 - 345 The pH-dependence is consistent 
with activation by protonation at distal IIis64 (pK„ ~ 6). 
This group lies near the heme pocket and Fe=0. This 
reaction may occur by MS-EPT (eq 86) followed by proton 
transfer, thus avoiding Fe™— O". 



[l(NK J ) i Ru ,1, )*{Hi!«ll-Fc i "-0-B~HjsM! <S« 

[{fNH>> i Ku" ! }*(Hit«0)-Fs l!l -O-n-Hisfy] *■ H* - 

[|(NH,),R l i lll HHi5aS».{F<: ,11 -OH 1 n + HisH (B7> 

The importance of H-bonding to an oxo ligand prior to 
electron transfer has been noted for horseradish peroxidase 
compound II {HRP-II), 346 " 348 the distal arginine of HRP, 349-351 
cyctochrome c peroxidase, 352 and other heme perox- 
idases. 353 355 

4.4. Coupled Electron-Proton Transfer (EPT). 
Competition between Stepwise and EPT 
Mechanisms 

As noted in sections 1.1 and 2. 1.2, EPT is microscopically 
more complex than either ET or PT but can have a significant 
advantage in avoiding high-energy intermediates, This is 
illustrated in Figure 28 for the comproportionation reaction 
between cw-[Ru lv (bpy) : (py)(0)] 2+ and CTS-[Ru n (bpy) 2 (py)- 
(H 3 0)] 2! in eq 10. 7 9 It compares energetics (at pH = 7) 
for (a) ET-PT, (b) PT-ET, and (c) EPT. MS 

Neither pathway (a) or (b) contributes significantly to the 
overall reaction in this case. This is shown by AG 0 ' values 
for initial PT or ET, >Q.55 and >0.59 eV, that are in excess 
of the experimental free energy of activation, AG"' = 0.44 
eV (Figure 2S). Both involve initial formation of high-energy 
inlemiediaies at the prevailing pH: Ru" ! — 0 + + Ru— OH 2 3+ 
or Ru IV =OH 3 + + Ru 1L -OH+. Although more complex, EPT 
in pathway (c) occurs at AG 9 ' for the net PCET reaction. 

In other reactions, there can be a complex interplay among 
the three available mechanisms. The example of oxidation 
of tyrosine by [Os , "(bpy) J ] 3+ is discussed in section 5.5.4.3. 

An example of EPT of a different kind appears in the self- 
exchange reaction between Fe(II) and Fe(III) bi-imidazole 
complexes in eq 88 studied by Mayer and co-workers by 'H 
NMR line broadening. 357 As illustrated in eq 89, proton 
transfer occurs between imidazole N-atoms which are ligand- 
based, and electron transfer occurs between dsr orbitals that 
are mixed with ligand orbitals but largely djr(Fe([Ii)) and 
dsr(Fe(II)) in character. 

[FtPCHJiimljJ 5 " ■» [Fc^HfruiOiHjbimlif • - — 
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HBBHP)Ru r '-0) : - - lib,,,;,,,, )P,,'-tm,| 3 



I(^WPr«n"-nii)' ini»i.!i» •■'.'Hi ■ — - 1 

Figure 28. Thermodynamics of three PCET pathways for the 
comproportionation reaction in eq iO al 25 °C and pH = 7, / = 
0.1 M: (a) electron transfer followed by proton transfer (ET-PT); 
(b) proton transfer followed by electron transfer (PT-ET); and (c) 
coupled electron -proton transfer (EPT); AG* is the free energy of 
activation. 350 



Figure 29. 4-C0 2 H-4'-Mebpy. 

In a third example, quenching of 3 Cco by phenols is 
enhanced by added pyridines with MS-EPT implicated as 
the pathway, eqs 13 - 15. 1J - !SS With tyrosine (TyrOH) as the 
phenol, EPT would be favored over ET, 3 C 6 o + TyrOH — 
'Ceo + TyrOH- 1 -, by ~ -0.4 eV (~ -9 kcaf/mol). This is 
due to Ihe decrease in E" from 1.34 V (vs NHE) for the 
TyrOH'™ couple to ~ 0.9 V for the TyrO-- + H-py/TyrO- 
H—py couple (section 6.4.1). 

5. Defining Electron-Proton Transfer 
5.1. Electron-Proton Transfer (EPT) 

Although pathways involving EPT may be preferred on 
energetic grounds, there are specific orbital requirements. 

(I) Electrons and protons transfer from different orbitals 
on the donor to different orbitals on the acceptor. In H-atom 
transfer (HAT), both the transferring electron and proton 
come from the same bond. The distinction is not semantic. 
If comproportionation between ci's-[liu lv (bpy)2(py)(0)] 2+ and 
c^[Ru 1! (bpy) 2 (py)(H 2 0)| 3+ in eq 1 0 occurred by HAT rather 
than EPT, the immediate product would be a hydroxy] radical 
bound to Ru(Il) rather than OH" bound to Ru(III),'eq 90. It 
is at higher energy by > 2.1 eV and not a viable intermediate 
for the thermal process. 



IdiTTOrylRli" 1 -O-II - 6-R«"(h P) -bO)j-ir (90) 
(it:r) |2Vi'ds*> 

(2) The e~/Il + donor orbitals and e~/H + acceptor orbitals 
interact electronically, enabling simultaneous e~JH* trans- 
fer. In the reaction between [Os u (bpy)2(4-C0 2 H-4'-Meb- 
py)] 2+ and ay-[Ru iv (bpy) 2 (pyXO)] 5i , there is no evidence 
for the EPT pathway, {cw-[(bpy) 2 (py)Ru ,v =0-HOC(0)- 
(Mebpy)Os II (bpy),]} i '+ - {c/s-[(bpy) 2 (py)Ru'»-0-H--OC- 
(0)fMebpy)Os lll (bpy) J ]}' ,+ . 4-CO,H-4'-Mebpy is shown in 
Figure 29. This is apparently a consequence of weak 



electronic coupling between the spatially separated electron, 
d7tfOs(II)), and proton donor orbitals, cto-h(COOH). 5 

(3) As used here, simultaneous means rapid relative to 
the periods for coupled uibrations (~100 Js) and solvent 
modes (~1 ps): ili ~ nl - i>9 The intimate details of the coupled 
electron— proton transfer remain to be explored experimen- 
tally but are discussed theoretically in section 5.3.1.2. With 
the definition in (3), there is no discrete ET or PT intermedi- 
ate equilibrated with its surroundings. If there were, the 
underlying thermodynamics would be those of the intermedi- 
ate and not those of EPT. In the coupled electron-proton 
transfer step, the latter is typically the slow part with the 
electron coordinate always at equilibrium with the transfer- 
ring proton, 

5.11 Multiple Site Electron-Proton Transfer (MS-EPT) 

In MS-EPT: (I) An electron— proton donor transfers 
electrons and protons to different acceptors or (2) an 
electron— proton acceptor accepts electrons and protons from 
different donors. Evidence for MS-EPT has been cited in 
the reduction of 3 C«) by phenols in eqs 13-15 and possibly 
in the reduction Df a ferryl (Fe lv =0) by appended -Ru !l - 
(NH 3 )j ,+ in eq 86. The utilization or MS-EPT pathways 
appears to be common in biological PCET (section 7), where 
structural motifs have evolved and exploit long-range 
electron transfer with careful attention paid to the short-range 
nature of proton transfer (sections 5.3 and 7). 

A variety of MS-EPT pathways is possible depending on 
the combination of protons and electrons that are transferred 
in concert. Possible examples are cited in the following 
sections of (1) Ie~/1H + MS-EPT, as in the oxidation of 
tyrosine Y z by P 6 so + in section 7.2.2, (2) 2e"/lH + MS-EPT, 
as in the activation of cyctochrome c peroxidase in section 
7.3.2, (3) le"/2H + MS-EPT in long-range PCET in oligo- 
nucleotides (section 6.4.4) and in the activation of the oxygen 
evolving complex in Phorosystem II, (4) internal Ie"/1H + 
MS-EPT with intramolecular proton transfer accompanying 
ET (section 6.4.2), and (5) solvent-assisted Ie"/1H + MS- 
EPT with the solvent acting as the proton donor or acceptor 
(section 5.5.3). 

5.2. Related Pathways 

There are other concerted pathways for simultaneous 
electron-proton transfer which differs from EPT either in 
what is transferred or in the orbitals involved in the transfer. 

52.1. H-Atom Transfer (HAT) 

In HAT, both electrons and protons are transferred from 
the same chemical bond. This is a characteristic reaction for 
hydrocarbons in which a C-H bond is the HOMO. 360,341 
Illustrative examples that distinguish between EPT and HAT 
have come from the results of a DPT theoretical study on 
degenerate hydrogen self-exchange between benzyl radical/ 
toluene and phenoxy! radical/phenol self-exchange. In the 
former, PhCH 2 + PhCH 3 — PhCHj + PhCH 2 , the 2 Pjr 
acceptor orbital on the bertzylic radical approaches along a 
C-H bond. In PhO* + PhOH - PhOH + PhO', electron 
transfer occurs from a n orbital on phenol to a jr orbital on 
phenoxyl radical. Proton transfer occurs within a H-bond 
between a cr lone pair on phenoxyl radical and oo-h of 
phenol. The key difference is the use of low lying it redox 
orbitals on the phenoxyl/phenol pair. 362 

A distinction can be made between EPT and HAT in 
many cases, with significant energy differences between the 
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different orbital pathways. The two have been compared 
theoretically by both Cukier 3 * 3 and Hammes-Schiffer," 6 

Nonetheless, there is a fundamental difference between 
reactions such as PhOVPhOH exchange by EPT and the 
comproportionation pathway in eq 12 orMS-EPT in eq 14. 
In the latter reactions, electronic coupling is relatively weak, 
with the resulting resonance energy far less than the 
reorganization energy, H DA << L This is because EPT 
occurs between spatially well separated sites. As discussed 
in section 5.2 and for related electron transfer reactions, 
reaction barriers are dictated largely by the reorganization 
energy and the changes that occur in intramolecular structure 
and surrounding solvent dipoles. 

In HAT, or PhOVPhOH exchange, electronic coupling is 
significant, comparable to the reorganization energy with H DA 
— I. The interaction or resonance energy plays a major role 
in defining the reaction barrier, In these strongly coupled 
cases, EPT and HAT are closely related even though (heir 
orbital interactions may differ in detail. 

There are ambiguities of description, related to those that 
arise in defining oxidation states, as the extent of electronic 
coupling and delocalizatcn increase. EPT and HAT become 
blurred as the energy differences between different HOMOs 
in the donor or LUMOs in the acceptor decrease, and/or as 
derealization becomes extensive. A change in redox orbitals 
between reactants and products can also complicate mecha- 
nistic description. 

In the oxidation of (Z,Z)-2,5-heptadiene by the Fe 111 — OH 
site in soybean lipoxygenase, DFT calculations point to 
proton transfer from the oxidized C-H bond to a a lone 
pair on Fe !li — OH while electron transfer occurs from a diene 
n orbital to a djE(Fe(IIIj) orbital. This pathway has been 
described as PCET (EPT) because the electron and proton 
come from different orbitals, but there is no prior H-bcnding 
and the H 1 source is a C-H bond with strong electronic 
coupling (section 7AA). 1M - 3M 

5.2.2. Hybrid Mechanisms 

The definition of EPT and the distinction between EPT 
and HAT focus on the separate orbital characteristics of the 
donor and acceptor couples. Many reactions occur by hybrid 
mechanisms involving couples of both kinds. Large ku/ko 
KIEs have been observed in the oxidation of (-/nrcthylbcnzcne 
by a Fe (v =0 pyridyl complex m and in methane oxidation 
by the diiron enzyme methane monooxygenase. 367 In these 
examples, and in the oxidation of aromatic hydrocarbons such 
as toluene, ethylbenzene, and diphenylmethane by MnOr, 
oxidation of the organic compounds is by HAT with EPT 
occurring at the oxidant since different proton and electron 
acceptor orbitals are used. 300-361 

In Mn0 4 " oxidations, coupled electron— proton transfer 
occurs from o c - n to d-r*(Mn) and proton transfer to an O 2- 
lone pair, eq 91 . As for soybean lipoxygenase in the previous 




section, there is no prior orientation by H-bonding. Orien- 
tational effects still exist in the association complex between 
reactants in order to maximize overlap. 28 " 87 - 288 - 36 " 68 - 3 * 9 
Anolher example is oxidation of [Fe"(H2bim)3] 2+ by PhCHj", 
eq 92, in which "H-atom abstraction" from the Fe(II) 
complex occurs by transfer of an electron from djr(Fe(II)) 
and a proton from er N -n (imidazole) to a sp 3 (C) orbital to 
form the C~H bond. 310 

Mayer and co-workers have demonstrated the existence 
of an empirical Marcus-like cross-reaction correlation for a 
series of reactions such as those in eq 92 which occur by a 
combination of HAT and hybrid H AT-EPT pathways, The 
Marcus cross-reaction equation relates the rate constant for 
electron transfer to the self-exchange rate constants for the 
component couples and the equilibrium constant. Note eq 
82 in section 4.2.5. There is no obvious discrimination 
between the two pathways in the data. 

These reactions are different in kind from the compro- 
portion or MS-EPT examples in eqs 12 and 14 in that, as 
noted above, there is strong electronic coupling in the transfer 
of electrons and protons. There is no theoretical basis for 
application of Marcus theory to these reactions since it was 
derived for reactions in which electronic coupling is weak 
with //da (H** V E t) < A (section 42}.™-™ 

The HAT and EPT pathways in these correlations involve 
strong electronic coupling with H Dfl probably comparable 
to or greater than X. They may reflect more of an averaging 
of bond energies between self-exchange and cross-reactions 
than surface crossing between harmonic energy curves. 

5.2.3. Energetics of HAT and "H-Atom Abstraction" 

In the oxidation of a series of hydrocarbons (toluene, 
ethylbenzene, ...) by both radicals (OH*, RO', ROO") and 
the transition metal oxidants (MnOr and CrOzC'z), a 
correlation was found between log k and the bond dissocia- 
tion energy (BDE) of the hydroxyl products, ROH, HOMn03, 
etc. This correlation demonstrated the importance of reaction 
energetics rather than radical character in the oxidant as a 
determinant of reactivity Related correlations have 
been found for a multitude of HAT reactions 371 " 373 and for 
the /raM-[Ru vl (L)(0) 2 P (L = l,12-dimethyl-3,4:9,10- 
dibenzo-1,2-diaza-5,8-dioxacyclopentadecane) oxidations of 
a series of phenols which occur by EPT (section 6. 1 2)?^- m 

In Photosystem II (section 7.2), an important step is 
oxidation of the CaMn 4 cluster in the oxygen evolving 
complex (OEC) by a tyrosyl radical, Y z *. Babcock and co- 
workers proposed that oxidation by Y z " occurs by "H-atom 
abstraction" (HAT) as a way to avoid high-energy intermedi- 
ates (section 7.2). M - 25 ' 27 - 23 ' sc ' 2 ' 7 This pathway is illustrated 
in eq 93 for the oxidation of a Mn"-OH 2 cluster site. "H- 

-Kjli~0-H-«6-Tyr 1- -fjn-p —H-O-Tyr («) 

atom abstraction" would circumvent the high-energy ET 
products Mn nl -OH 2 -I- TyrO", with Mn 1]l -OH and TyrOH 
the stable forms at pH = 7 (section 7.2.3). Consistent with 
terminology used here, the H-atom abstraction or HAT path- 
way would better be described as EPT since HAT would 
give the excited state, Mn" — 0*— H, and a high-energy tau- 
tomer of tyrosine with the proton on Ko-h rather than Ob-H. 

The H-atom abstraction (EPT) pathway in eq 93 is 
enthalpically viable if BDE(TyrOH) > BDE(Mn-OH). For 
tyrosine, BDE(TyrO-H) = 87 kcal/mol.^"^ 3 ' 6 - 381 Based 
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on redox potentials, AC C = 3.45 eV (80 kcai/mol) for the 
bond dissociation reaction in eq 94. 



The analysis developed by Babeoek and co-workers 
provides a powerful basis for understanding the thermody- 
namic importance of coupled electron— proton transfer. It can 
be extended by including the differential energetics of 
formation of the initial, Mn"-OH 2 —0-Tyr, and final, Mn 1 "- 
O— H— H-OTyr, H-bondcd adducts and by using free 
energy rather than enthalpic changes. For example, AG for 
eq 93 is favorable if £°'(TyrO-/TyrOH) > £"(Mn'"-OH/ 
Mn !, -OH 2 ) with £°'(Tyr07TyrOH) = 0.93 V (vs NHE) at 
pH = 7. 382 

The results of recent structural analyses of PSII at 3 and 
3.5 A resolution appear to rule out an EPT pathway for TyrO" 
oxidation of Mn-OH 2 In these structures, Y 2 is too far 
removed from the OEC cluster for EPT to be viable 383 
{section 7,2.4). However, an alternate pathway is proposed 
in section 7.2.3.1 in which both Mn-OH 2 and TyrO" undergo 
EPT but will: different EPT acid-base pairs rather than with 
each other (section 7.2.4.1). 

5.2.4. Related Pathways 

5.2.4.1. Hydride Transfer. In hydride transfer, two 
electrons and a proton are transferred from the same chemical 
bond. This was the suggested pathway for the oxidation of 
formate anion by cw-[Ru lv (bpy) 2 (py)(0)] 2+ in eqs 2-4* 
Examples where hydride transfer has been invoked include 
reversible oxidation of alcohols to aldehydes or ketones by 
the enzyme liver alcohol dehydrogenase (LADH) 384 " 386 and 
aqueous oxidation of toluene by MnOr 368 

5.2.4.2. Two-Electron Proton Transfer (2e"/IH + EPT). 
As discussed in more detail in section 6.1.1, 2e~/lH + EPT 
has been invoked in the oxidation of anilines by c/'j-[Ru lv - 
(opy)2(py)(0)] 3+ . Microscopically, this involves simultaneous 
transfer to cw-[Ru lv (bpy) 2 (py)(0)] 2+ of two electrons from 
a jr. aniline orbital and a proton from o"n-h. 387 

5.2.4.3. C-H Insertion. In the uxidation of activated 
C— H bonds, a mechanism has been proposed in which an 
oxo group inserts into a C-H bond in a concerted manner, 
as suggested, for example, in the oxidation of cyclohexens 
by cii-[Ru lv (bpy) 2 ( P y)(0)p in eq 95. 388 



5.2.4.4. Electrophilic Ring Attack. Similarly, in the 
oxidation of phenol by a's-[Ru lv (bpy) 2 (py)(0)] 2+ , eq 96, a 
mechanism has been proposed involving initial electrophilic 
addition of the oxo group to the aromatic ring, analogous to 
Br + addition to activated aromatics. 389 



5.3. Theory of Coupled Electron-Proton Transfer 

5,3.1. Introduction 

Theories of electron transfer (section 4.2) and proton 
transfer™"' 100 provide a basis for understanding EPT includ- 
ing quantum effects. In one approach, HAT and EPT have 



been analyzed theoretically by treating the transferring proton 
as a particle with quantum-tunneling corrections to transition 
state theory. 3 ' 2 ' 40 '" 404 EPT theory has been developed 
systematically in a series of papers by Cukier et a l„ !l - 36 - 39 ' 3<3 -' ,os 
by Hammes-Schiffer et al., l2 • 4 °• 41 • 44 - 47 • 40i ■ 4M "'' ,ll and by 
others 412-414 Both Cukier and Hammes-Schiffer have dealt 
with PCET mechanisms, generally including competition 
between EPT and stepwise ET-PT or PT-ET. 

Cukier makes a distinction between EPT (ETPT in his 
terminology) and H-atom transfer (HAT), which is different 
from the usage adopted here. In his terminology, the term 
EPT (ETPT) is used when electron and proton coupling 
between donor and acceptor are weak, with both in the 
nonadiabatic regime. HAT is used when electron transfer 
occurs over a distance comparable to the scale of proton 
transfer with strong coupling and both electron and proton 
transfer occurring in the adiabatic regime. 

As noted by Hammes-Schiffer et til., three physically 
distinct types of HAT-EPT appear to be relevant: (I) 
electronically adiabatic proton transfer and electron transfer, 
(2) electronically nonadiabatic proton transfer and electron 
transfer, and (3) electronically adiabatic proton transfer and 
electronically nonadiabatic electron transfer. 43 Adiabatic in 
this context has the conventional meaning that there is 
sufficiently strong electronic coupling between the diabatic 
(non-interacting) reactant and product states that electron or 
proton transfer involves a change of coordinates within a 
single electronic state and not a transition between states. 45 " 47 

5.3.1.1. Mixing of Diabatic States. In the treatment of 
Hammes-Schiffer, the wave functions for the initial diabatic 
(non-interacting) states are represented as shown in eqs 97 
and 98. They are labeled as to the transferring electron, D c ~, 
and proton, D P H, and as to the electron and proton acceptors, 



(D- e DpK...ApA«) (D-«ry— ♦HVW 



Adiabatic free energy surfaces for the transferring proton 
are constructed for the initial proton reactant state, D— H" 
•A, by mixing the diabatic states, D ( ~D P H—A P A C and 
D c _ Dp"'" + HApA c . Similarly, free energy surfaces are con- 
structed for the final product proton state by mixing 
D,.Dp"— ^HApAc" and DcDpH^ApAj". The coupling energy 
IVr is assumed to be the same for both initial and product 
states. Proton vibrational levels and wave functions are then 
calculated for the resulting reactant (I) and product (II) 
diabatic states, giving rise to separate energy-coordinate 
curves and vibrational wave functions for the reactants and 
products. States I and II are diabatic with regard to electronic 
coupling but adiabatic in the transferring proton. 

Examples of energy surfaces that illustrate this analysis 
are shown in Figure 30. 4r4(19 This figure was used originally 
to illustrate energy-coordinate curves, vibrational wave 
functions, and vibrational overlaps for three different solvent 
configurations for a single reaction. In Figure 30, they are 
used to illustrate the effect of changing AG in a related series 
of reactions. It shows the lowest vibrational levels (ft = 0 
and v = 0) as a function of the proton coordinate, r v in A, 
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Figure 30. Energy-coordinate diagrams for EFT showing the 
variation in energy with proton coordinate, >- p , the position of the 
hydrogen nucleus relative to the midpoint of the donor and acceptor, 
for reactant (I, blue) and product (It, red) states and the associated 
vibrational wave functions for three cases: (A) AC? > 0; (B) AC 
= 0; and (C) AC < 0. Modified with permission from ref 409. 
Copyright 2001 American Chemical Society. 

for three cases: (A) AC > 0; (B) AG = 0; and (C) AG < 
0. The initial reactant diabatic state, !, is shown in blue, and 
the final state, II, is shown in red. In this example, r p varies 
from the minimum for the reactant state, -0.3 A, to the 
minimum for the product state, +0.3 A, with the difference 
between them the proton transfer distance. This would be 
the tunneling distance in a particle tunneling calculation. 47 ,10 * 
The same approach can be used to analyze MS-EPT. For 
example, for MS-EPT from a common electron— proton 
donor to separate electron, A c , and proton, A p ', acceptors, 
the initial and final ET, PT, and EPT wave functions are as 
given in eqs 100-102. 

A.D H...A' — »- A ,D*H...A* ( electron Transfer, ET) (100) 

(A < ,D- c D p H...A p '( <A c -D.DpH...A p ') 

A.D-H...A' A.D...H.A' (PmlonTmiisfer.PT) (101) 

[APVDpH-A',) (A.D-JV-.'HA'p) 

A,D-H.«A- — »- A',D«.*H.A' (EPT) (102) 

(A C D-,D„H...A P ') 



(A c -D,rjr„...*HA B l 



5.3.1.2 Transition between Reactants and Products. 
Electronic coupling between D-H and A in D-H"\A and 
between D and If —A in D— H— A mixes the initially diabatic 
reactant (I) and product (II) states. Application of time- 
dependent perturbation theory and the Golden Rule to the 
transition between states I and II leads to eq 103. It gives an 



expression for the rate constant for coupled electron— proton 
transfer, £ EPT .36-ws-47,<io, j n t ^ s e q Ua tion, the summations 
are over the initial, coupled D— H---A vibrational levels ft 
in {D" e D P H"*ApA c ) and the final coupled D—H-A levels 
v in (D c D"p" ,+ HApA" t ). is the Boltzmann population 
in vibrational level fi in initial state D— H---A. A mi , is the 
reorganization energy arising from the solvent and low- 
frequency modes for the fi — v vibrational channel. 

A <7„v is the associated fi — v free energy change. It is 
related to the overall free energy change for EPT within the 
H-bonded association complex, AGept, by eq 104, in which 
hco is the vibrational quantum spacing. 45 """ 

The overall EPT mechanism, including preassociation, is 
shown in eqs 105—107. AGept is related to the overall free 
energy change, AG, and the association constants for the 
EPT reactants (K A ) and products (K/) by eq 108, which is 
analogous to eq 78 for electron transfer. 

D-H + A-^D-H-A: K A (105) 

D-H-A-D^-H-A^: rV EPr (106) 

D^-'H-A^D^ + H-A^: JT A ' (107) 

AG EPI - = AG — RT In (K/JK^) (108) 

The expression for /c E pt in eq 1 03 has been extended to 
include coupled high-frequency vibrations treated quantum 
mechanically and anharmonic modes such as the v 0 -h mode 
coupled to the proton transfer coordinate. 41 M'W" in form, 
it is similar to cq 73 for electron transfer, but there are 
important differences. The reorganization energies, free 
energy change, and couplings are different for each vibra- 
tional channel because of slight differences in the proton 
transfer distance.'' 5 "'' 7 ''" 5 The summation over v typically 
involves a limited number of levels (S4), those for which 
AG,,,, is not greatly different from A„ y . It is for these levels 
that the classical exponential barrier term is maximized. 

As for electron transfer in eq 73, k BrT for each channel is 
the product of three terms: the Boltzmann population in 
initial level v, the classical barrier for the /i — v transition 
including solvent and low-frequency vibrations, and the 
barrier crossing term, {2xlh)\V llv \ 2 {4nk ll „kKT) la , is the 
EPT matrix element. If the Condon approximation separating 
nuclear and electronic motions is valid, it is given by eq 
109, in which (ff M and <j>",. are proton vibrational wave 
functions for the initial and final proton states. Pet is the 
electron transfer matrix element, // D a in eq 65. The square 
of the vibrational overlap integral, (^J^ 11 ,.) 2 , gives a 
quantitative measure of the extent to which the reactants and 
products coexist spatially along the proton transfer coordi- 



(109) 



4X Mr k B T 

AG^ = AG EPT + (fi - v)hu (104) 



Because site-to-site transfer distances for EPT are large, 
vibrational overlap integrals are typically small. Barrier 
crossing dynamics depend on the product Vfd&WQ n y ). In 
contrast to ET, the frequency factor for EPT can vary with 
VeP even if electronic coupling is iarge.^ 7 With significant 
electronic coupling in electron transfer, barrier crossing 
dynamics are dictated by the slowest mode or modes coupled 
to the reaction; note eqs 64-67. These are typically 
reorientation modes in the solvent. In this interpretation, the 
limiting factor in the dynamics of coupled electron-proton 
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transfer is the proton. The coordinate of the transferring 
electron is always at equilibrium with the proton coordinate. 

The EPT frequency factor, v En , is given by eq 110, which 
includes the prediction that v WJ is temperature-dependent. 

" (HO) 

As the extent of electronic coupling increases further and 
becomes comparable to the reorganization energy, the 
Condon approximation breaks down. In that case, V„ r 
becomes a function of the coordinates of both the transferring 
electron and proton. Procedures are available for solving the 
Schrbdinger equation in this limit, giving wave functions and 
energies that depend on both electronic and nuclear 
coordinates. 401 - 417-41 ' 3 

In applications using eq 1 03, the key input parameters are 
(1) the gas-phase coupling matrix elements V E i and f-Vr, 
which are calculated by molecular mechanics fits to elec- 
tronic structure calculations or experimental data, 420 - 421 (2) 
the solvent reorganization energy, which is treated by 
standard dielectric continuum theory (section 42.1)/" or 
more elaborate two-cavity models such as the frequency- 
resolved cavity model (FRCM) developed by Newton el 
a r 422,423 ^ quotum mo des that are based on knowledge 
of bond distance changes and vibrational frequencies,'" 0 and 
(4) the proton transfer distance, which, in the absence of 
structural information, is obtained by fits to experimentally 
measured rate constants and kinetic isotope effects. 

Theoretical analysis of EPT has been extended to quantum 
and dynamical effects in the proton donor-acceptor mode 
which has been treated both classically and quantum 
mechanically. Nonadiabatic expressions for 4 EPT have been 
derived in the limits of slow classical and fast quantum 
modes. Expressions have also been derived which incorporate 
dynamical fluctuations in both electronic coupling and the 
energy gap between reactant and product states.* 111 ' 414 Quan- 
titative applications of eq 1 03 to EPT in both chemistry and 
biology have been made, the results of which will be 
■ is 6 and 7. 15-47 



5.3.2. Kinetic isotope Effects 

Large kinetic isotope effects (KIEs) a 
served for EPT, an example being *(H 2 0)rt(D 2 0) = 16.1 
for the comproportionation reaction between ds-[Ru lv (bpy)i- 
(pyXCW and c/HRu n (bpy)2{py)(H 2 0)] 2+ in eq 10. KIEs 
of this magnitude are larger than the O— H/O—D classical 
limit of 7.9, pointing to the importance of quantum effects. 42 ' 1 
Large KIEs are known for other reactions involving H orD 
transfer, including (1) enzymatic C— H oxidations,' 1 ' 3 ''' 425-42 ' 3 
which have been treated by a theoretical description of 
isotope effects originally developed by Bigeleisen and 
Mayer; 4 ' 0 ' 431 (2) values of up to 50 for proton transfer and 
up to 250 for H-atom abstraction by free radicals in the pre- 
1980s literature J 414 (3) a value >6 x 10 3 for alpha H-atom 
transfer from ethanol by methyl radicals in ethanol glasses 
at 77 K; 432 and (4) a value of > 10 6 for intramolecular HAT 
in the triplet excited stales of an aromatic ketone at 20 



In addition to Arpt, interpretation of KIEs for EPT must 
account separately for the equilibrium isotope effect in 
forming a H-bonded precursor complex, eq 105. Analogous 




Figure 31. Reactant (I) and product (II) vibrational 



(py)(H 3 0)] 2+ comproponionation reaction in eq 10, il 
enhanced vibrational overlap for X = H compared to X = D. 
Reprinted with permission from ref 410. Copyright 2002 American 



to electron transfer in eq 57, the experimental rate constant, 
kaa, is related to K h and t E pr by k^ = K A k tVT , 

For a substrate having solvent exchangeable protons, the 
isotopic preference in the H-bonded precursor complex is 
given by the isotopic fractionation factor, tp = {[D-H-* 
A3/[D-D(deuterium)— AD/fjjD/^H), with Xd^X» the mole 
fraction ratio of D to H in a K 2 0/D 2 0 solvent mixture. 436-438 
Isotopic fractionation factors from 0.3 to 2, and even greater, 
have been observed in stable H-bonded bridges over an 
extensive range of H-bond distances. 439-442 

Fractionation factors of less than 1 arise when the zero 
point vibrational energies (co/2) of the products are increased 
relative to the reactants. This can happen if there are 
frequency changes or if there is a change in the number of 
normal modes in the isotopic equilibrium. 44 '" 450 An example 
of the latter is the equilibrium 20H" + D 2 0 «* 2DO - + 
H 2 0, for which K = 0.21 because the heavier isotope 
concentrates in water, which has three normal modes 
compared to two for 20H - . 451-453 The appearance of inverse 
kinetic isotope effects with A(H 2 0)/*(D 2 0) < 1 has been used 
as a criterion to distinguish rate limiting proton transfer from 
proton transfer occurring in a pre-equilibrium prior to the 
rate limiting step. 

The magnitudes of KIEs for EPT follow directly from eq 
103. Zero point energies and vibrational energy levels for 
X— D compared to X— H are lower in the vibrational energy 
wells by a factor of 0.7, the square root of the ratio of the 
O— H/O-D reduced masses, {mn(mx + mn)/ma(mx + 
1m)}" 1 . Alternately, the larger mass of D can be viewed as 
leading to a more localized wave function, which leads lo 
decreased vibrational wave function overlaps. 

The example in Figure 3 1 shows the calculated p = 0 —~ 
v = 0 vibrational overlaps for the c?s-[Ru lv (bpy) 2 (py)(0)] 24 7 
^-[Ru"(bpy) 2 (py)(H 2 0)] 2+ and m-[Ru"(bpy) 2 (py)(0)] 2 +/ 
«"s-[Ru ll {bpy) 2 (py)(D 2 0)] 2+ comproportionation reactions in 
eq 10. 410 Note also the form of the harmonic oscillator 
vibrational overlap integral in eq 70 and the dependence of 
S on reduced mass in eq 63. 

The total KIE is the sum of KIEs for the individual, 
Boltamann-weighted vibrational channels, P\pk llv , in eq 103. 

5.3.3. Temperature-Dependence 

Equation 103 predicts that k ErT should also be temperature- 
dependent due to the Boltzmann population and classical 
barrier terms. A smaller temperature-dependence arises from 
the pre-exponential term, eq 110. Since each fi — v 



Proton-Coupled Electron Transfer 



Chemical Reviews, 2007, Vol. 107. No. 11 5029 



vibrational channel has its own temperature-dependence, this 
leads to a precise but complex interpretation of the apparent 
energy of activation. 

At tow temperatures, populations above f.i = 0 become 
negligible. EPT is then dominated by a vibrational channel 
or channels from fi — 0 to a v level or levels for which AG,,,. 
+ X is minimized. This causes the apparent energy of 
activation (£,) to decrease with temperature with a residual 
temperature-dependence arising from the classical modes and 
solvent at low temperatures. 

The magnitude of the k»/ko KIE is predicted to be 
temperature-dependent in a complex way. On a level-by- 
level basis, {4>',# ",> 2 is decreased for X— D compared to 
X— H. However, the quantum spacing to the next higher /i 
level is smaller for D than for H by -0.7. This increases 
relative populations in levels above p ■ = 0 where {^ l / ,|^",,) 2 
is greater. For the heavier isotope, levels above (i = 0 play 
a more important role, and this increases the magnitude of 
the apparent £ a . 

5.3.4. AG-Dependence 

The Boltzmami-weighted sum in eq 103 predicts that /cept 
is dependent on AG but in a complex way. It arises from 
the AG-dependences of the individual vibrational channels, 
exp -[(AG,,,, 4- A)V«A B 7], weighted by h„ and "„>. J 
If the fi = 0 — v = 0 vibrational channel dominates with X 
» |A(?ept|, #7" In k ErT is predicted to vary as — AGept/2. 
The same result was obtained for classical electron transfer 
incq 81. 

As AG E pt increases or decreases, other channels with 
higher vibrational overlaps play an increasingly important 
role. This contributes a G-dependence in addition to the 
quadratic AG-dependence of the exponential term. It also 
explains why experimental slopes for plots of RT In kerr vs 
—AG for EPT have been found that are considerably different 
from 0.5 even when X » [AGeptI, as described in later 

Inverted Region. Both classical and quantum results for 
electron transfer in eqs 54 and 73 predict that the electron 
transfer barrier decreases as —AG increases. This continues 
until -AG = X, at which point classical electron transfer 
becomes barrierless with k K r = vr T ; note eq 54. As -AG is 
increased further, the energy-coordinate curve for the reactant 
state is imbedded in the curve for the product state along at 
least one of the coupled vibrations. Further increases in - AG 
cause the classical barrier to increase as —AG is increased 
further, as predicted by Marcus 4 -' 4 and as observed experi- 
mentally .-'*.- , -' >3 -<« a decrease in k ST is predicted by both 
the classical and quantum results in eqs 53 and 73 although 
with different dependences on AG. 

Although EPT in its equivalent "inverted region" has been 
discussed, at least in a preliminary way," 103 it does not appear 
to have been systematically explored experimentally. 

5.4. H-Bonding and Distance-Dependence 

The distance-dependence of electron transfer has been 
investigated in depth both experimentally and theoretical- 
jy _i6,m«»i.4m,<64-4?9 For EPTj both y ET and <^^]0>' v > ar e 
distance-dependent, but in different ways, since they involve 
electronic (K t ,) and vibrational overlaps. A 0 is also distance- 
dependent, as discussed in section 5.5.1. 

From the expression for the de Broglie wavelength, X = 
h!(2mE) m , and the masses of the electron and proton, the 
proton wavelength is shorter than the electron wavelength 



at a fixed energy by 40 for the proton and by ~60 for the 
deuteron. The radial-dependence of vibrational wave func- 
tions falls off far more rapidly than that of electronic wave 
functions. This greatly decreases the distance between 
interacting centers for significant vibrational overlap. Rela- 
tively small changes in the proton transfer distance, r p , can 
lead to large changes in (<j>\,\<l> n v ) which can significantly 
impact 4hpt and Wfo. 

The distaiwe-depende/idence of EPT is dominated by 
proton transfer because of its short-range nature. Meeting 
the demands imposed by proton transfer raises a key 
structural issue for EPT, one that is dealt with routinely in 
biological PCET (section 7). 

5.4. 1. Precursor H-Bonding 

Given the short-range nature of H + transfer, a preformed 
interaction by H-bonding is an important element in EPT. 
H-bonding establishes an orbital pathway for proton transfer. 
It also minimizes the proton transfer distance and supports 
donor— acceptor electronic coupling. 

H-bonding is common for II— X bonds with X an elec- 
tronegative atom, especially F, O, N, and CI. Strong H-bonds 
have bond energies in the range 1 5-60 kcai/mol.' 37 ' 480 " 185 
There is even experimental evidence for H-bonding involving 
C— H bonds . 4S6_4l:s This suggests that prior H-bonding could 
play a role in some HAT or EPT reactions. 

A correlation has been found between the strength of a 
H-bond, X-H-Y, and the difference in X-H and H—Y 
bond lengths, Ac, with Ar = r(X-.H) - r(H—Y). 43WS4 This 
observation is relevant to EPT because Ar is a measure of 
the proton transfer distance r p . Ar = 0 in F— H-F", where 
there is strong electronic coupling across the H-bond, and 
the proton is "delocalized". The relationship between H-bond 
energy, Ar, and through-bond electronic coupling in X-H- 
•■Y is conceptually related to the interplay between electronic 
delocalization and reorganization energy in the localized- 
to-delocalized transition in mixed-valence com- 
pounds. 236.287,359.440.441 ,489-49! 

5.4.2. Distance-Dependence 

The distance-dependence of EPT has been invoked to 
explain the decrease in A(H 2 0y/{(D 2 0) KIE from 16.1 for 
comproportionation between ciJ-[Ru lv (bpy) 2 (py)(0)] 2+ and 
c«-IRu l, (bpyWpy)(H 2 t))J 2+ to 1 1.3 for n*u lv (qy)(hpyXO)]»7 
[Ru"(tpy)f>py)(H20]] 2+ . 7S ' 492 Theoretical calculations by 
Iordanova and Hammes-Schiffer point to a decrease in Ar 
for the latter from 2.70 A to 2.64 A due to decreased steric 
and electrostatic repulsion. 410 

Bonding effects and the nature of the donor-acceptor 
orbitals play a major role in dictating the magnitudes of Ar 
and r p . Enhanced X— H—Y electronic coupling across the 
H-bond decreases asymmetry and r t . An example occurs in 
the [Fe IB (H 2 bim)(Hbim)] 2+ /[Fe II (H 2 bim) 3 ] :!+ self-exchange 
reaction in eq 89, for which k K /k D = 2.3 ± 0.3. 357 In this 
case, the H-bond is relatively symmetrical, which decreases 
r v and the kinetic isotope effect. Calculations show that the 
reactant proton state is a mixture of 66% of the initial, 
diabatic proton transfer state and 34% of the final, diabatic 
proton transfer state (section 6.1.5.1).'"" 

Hybridization plays a role. In cw-[Ru' v (bpy) 1 (py)(0)] :!+ / 
c^-[Ru II (bpy)2(py)(H 2 0)] 2H ' comproportionation, hybridiza- 
tion at Ru !V =O s+ is sp. It is sp 3 at Ru-OH 2 2+ . This creates 
a less symmetrical H-bond, increasing Ar and r p . Proton 
transfer in the pseudo-self-exchange reaction, [Ru IIf (tpy)(bpy- 
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(OH)p + + w-[Ru"(b Py ) 2 <py)(H 2 0)] 2+ - [R u "(tpy)(bpy)- 
(H 3 0)] 2+ + eiJ-[Ru Iil (bpy)2[py)(OH)] 2 ' 1 ', occurs between sp 3 - 
hybridized 0 atoms, and the K.IE falls to 5.8. s 

5.5. Solvent 

The charge transfer characteristics of EPT between single 
donors and acceptors are different from ET or PT since both 
electrons and protons are transferred simultaneously. Al- 
though there is a dearth of experimental evidence, it is 
possible to predict that there should be a solvent-dependence. 
Both electrons and protons are transferred in EPT. As a 
consequence, as can be seen for the EPT reactions in eqs 10 
and 89, a charge dipole is transferred rather than a unit 
charge, as in an electron or proton transfer. Charge dipole 
transfer couples EPT to the polarization field of the sur- 
rounding medium, crealing a solvent reorganization energy. 
This is in contrast to HAT, where bolh the transferring 
electron and proton come from the same orbital. 46 - 3 * 0 ' 363 ' 369 
In addition to generalized solvent effects, it is possible for 
the solvent, especially H^O, to be directly involved in EPT. 
with individual solvent molecules acting as proton donors 



5.5. 1. Solvent Effects on k 0 and AG 

Solvent reorganization in EPT has been treated by assum- 
ing the solvent to be a dielectric continuum with application 
of an ellipsoidal cavity model developed by Kirkwocd and 
Westheimer. 12 ' 36 - 493 More recently, a frequency-resolved 
cavity model has been applied as in section 4.2.1 for electron 
transfer. 3 "'" 8 

There are limited experimental results on solvent effects,'" 4 
but useful conclusions about solvent participation have been 
drawn based on theoretical analyses of experimental data: 
(1) Jt„ for EPT can be comparable to A 0 for ET. For the 
[Fe ,n (H2birn)(Hbim)] 2+ /[Fe l, (H 2 bim)(Hbim)] 34 - self-exchange 
reaction in eq 89, the calculated A 0 for EPT is 10 kcal/mol, 
and for ET, it is 13 kcal/mol. 40 '' (2) For a multiple-site EPT 
pathway with the electron and proton transferring to different 
external acceptors, A,D-H— A' — A~ D— +H-A', A 0 {EPT) 
> /l 0 (ET) because of the separate reorganization energies 
for the transferring electron and proton. 4 ' 5 

5.5.2. Proton Inventory 

For EPT with protons exchangeable with the solvent, the 
determination of a K1E by single point rate constant 
measurements in pure H 2 G and pure D 2 0 can mask partici- 
pation by multiple protons in the solvent or by multiple 
exchangeable sites in the polypeptide structure of an enzyme, 
for example, Single point measurements also fail to uncover 
possible parallel pathways having the same rate law but 
different KIEs. 

These effects have been explored experimentally by 
obtaining kinetic data in H 2 0/D 2 0 mixtures, which is referred 
to in the biochemical literature as the proton inventory 
method. 439 Based on analyses by Kresge, Gold, and Albery 
and Davies, it is possible to establish the number of 
exchangeable sites contributing to the KIE by studies of this 
kind, 436 ' 437 ' 497 - 499 

In one limiting form, plots of k%lk H vs x are made with % 
the mole fraction of DjO in H 2 0/D 2 0 mixtures. k K is the 
rate constant in H 2 0, k% is the rate constant in the mixture, 
and ko is the rate constant in D 2 0. If a single proton is 
involved and a single pathway, k x /k u = I + xWkn — 1}. 



In this limit, k x lk H is predicted to vary linearly with j;, with 
kn/kn obtained from the slope. Linear relationships of this 
kind have been found for EPT, for example, for the cis- 
{Ru' v (bpy) 2 (py)(0)p^-[Ru [l rbpy) 2 (py)(H 2 0)] 2 + reaction in 
eq 10, consistent with transfer of a single proton and a single 
pathway. 



For PCET reactions in H 2 0 with EPT unavailable to the 
reactants, coupled proton transfer to or from individual H 2 0 
molecules or water clusters can provide a basis for MS-EPT, 
at least in principle. A solvent-assisted MS-EFT pathway of 
this kind is usually kineticaily indistinguishable from step- 
wise ET-PT with ET followed by rapid proton equilibration. 
In some cases, it may be possible to infer which is operative 
based on extrakinetic measurements such as isotope effects 
or by rate constant and activation parameter comparisons. 

The two mechanisms are compared for oxidation of cis~ 
[Ru»(bpy) 2 (py)(H 2 0)] 2+ by [0 S '»(bpy) 3 ] 3+ within the as- 
sociation complex of the reactants in eqs 111 and 1 12, and 
for the reduction of aj-[Ru lv (bpyMpy)(0)] 2+ by [Os n - 
(bpy)J 3+ in eqs 1 13 and 114; note eqs 5-7.' 




(MS-EPT) [*>»V-.»ff«Wrlta ,, ^~«l ! *-) - 

H' 

[Os"(l>i>y),"" (l|>y) 3 fi>vlRu l "-<V' »<K-OH. , l (112) 



[Os"[ti[>}V*. Ki, lv <bpy) 2 (p)KO) : 'J *- 

l<Js'"(hpy)/ . Ru'"tiiny),(!iyxori (U.l) 



(MS-l-PTl [Os ;, (1>|»'l, ; .(bp.yp/|Ru lv »0^«H.OJlJ k- 

K" 

[0 s n, <l. RK )/\(lp/y|> ) ')R« lll -O-H : '-0M'] (114) 

111 considering a possible role for water and protons, it is 
useful to first consider the state of the local water structure 
around a proton. Two different cluster structures have been 
suggested. One is the Zundel cation H s 0 2 + (H 2 0—H + — 
H-OH), SM and the other is the Eigen cation HgCV (H 3 0 + - 
3li2O}. i0] These structures undergo dynamical inter- 
change . 50J-5W There is also experimental evidence for proton 
transfer through individual solvent molecules acting as 
bridges. 505 

The suggested solvent-assisted MS-EPT pathways in eqs 
1 12 and 1 14 are reasonable, but individual water molecules 
or water clusters are neither good proton donors nor good 
acceptors given pK a Qi 2 0) = 15.7 and p/T a (H 3 0 + J = 
_ U4 439,506,so7 Thermodynamically, this favors ET followed 
by PT over solvent-assisted MS-EPT, except for the strongest 
acids and bases. 

For example, for ET within the association complex in eq 
111, AGet ~ AG°' = +0.21 eV (+4.8 kcal/mol), neglecting 
AC? differences in forming the initial and final association 
complexes, AAG ap[ > in eq 60. For EPT in eq 112, AGeft ~ 
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+0.2I-0.059(iiR: a (H3O^) - p/r al (Ru' ll -OHz 3+ )) = +0.36 
eV (+8.3 kcal/mol). 

General expressions for the configurations! free energy 
change, AG C ~ A Get or AGept, are given in eqs 115 and 
120. In these equations, F is the Faraday constant (1 eV/V 
in SI units), A* is the oxidized form of D, and A,d is the 
reduced form of A. Also shown are expressions for the 
subsequent free energies of dilution, or transposition, of 
released Ii30 H or OH" AG,.™'- 57 ' 510 



Stiver.! us ;r a cc<pl»r A.li-H— OH- »- A' . I).., ••• ll-OH," 11151 

[fKJ.H,0 ■ 1= -1.74) 

iGJXVt- -;-i[/:-i.VA ) - /.-<D.„'1V!J - OWifA'jtH.O-! - 

Pijrj-Hi) . uio* 

JfJ.lcV, - 0.0S0|,^J>';(» ) - PHI Oil) 



Sctvtnl as H-danar: D.A—H-OH D' , A^-H'-OH' (118) 

WWHil)l-lS.7 

Mr,(*V> - -/■!S<K s (A-\ lri -) - ^P'"ll - O.CSBtpK.lHjO) - 

prj*irfH>] + <"»> 



Ati.uV) - 0'jSj[i'*.;(H;Ol - pH] (130) 

Because of the kinetic indistinguishability of MS-EPT and 
ET-PT in water, and in the absence of energetic, isotope 
effect, or other arguments definitively ruling out one or the 
other, it is not clear when or if sol vent-assisted MS-EPT plays 
a role in a particular reaction. ET-PT is expected to dominate 
except for reactions involving the formation of very strong 
acids and bases. This conclusion is based on ihe pK^ values 
for H 2 0, a decreased /t 0 for ET, and the impact of vibrational 
overlap and tunneling on decreasing the magnitude of the 
EPT pre-exponential term in eq 103. 

The appearance of relatively large A(H 2 0)/A(D 2 0) KlEs 
has been cited as evidence for solvent-assisted MS- 
EPT «2,jn-3i8 Although it may be a useful criterion in some 
cases, as noted in section 4.2.1, I1 2 0/D 2 0 KIEs of up to 2 
have been observed for outer-sphere and electrochemical ET 
because of coupling with quantum modes in the solvent. 
Conclusions based on isotope effects must be drawn with 
care. Complications may also exist from buffer components 
acting as proton donors or acceptors rather than solvent 
molecules (section 6.4,4). 

There is a possible kinetic distinction between ET-PT and 
solvent-assisted MS-EPT based on the initial products of the 
electron transfer step. In ET-PT, electron transfer occurs prior 
to proton loss, and there is a discrete intermediate on the 
time scales for vibrational and solvent equilibration. In 
solvent-assisted MS-EPT, the loss of the proton is synchro- 
nous with electron transfer, and there is no intermediate, only 
equilibration and dilution following the elementary reaction. 

Three different elementary steps have been identified for 
spontaneous loss of protons. For highly favored reactions, 
proton transfer can be ultrafast in tight acid -base complexes 
with the proton donor and acceptor directly linked by 
H-bonding. If the proton donor and acceptor are linked by 
an intermediate water bridge, proton transfer is largely 
controlled by reorganization in the solvent. In solutions dilute 



in both proton donor and acceptor, proton transfer is diffusion 
limited. 5 "' 520 

Ultrafast transient infrared measurements on pyranine-8- 
hydroxy-l,3,6-pyrenetrisulfonate (HPTS) in D 2 0 (section 
2.8.1) reveal that proton loss occurs to D 2 0 on a time scale 
less than 150 fsec, limited by the time resolution of the 
experiment. Subsequent transfer of D + from D 3 0 + to the 
added base ClCfhCOCr (p/f a (ClCH 2 COOH) = 2.7) occurs 
more slowly, with r = 25 ps [k = 4 x 1 0"* s" ! ), even though 
AG°' = -0.26 eV (6.0 kcal/mol). 505 For HPTS, initial proton 
loss from the excited state is very rapid, approaching the 
vibrational time scale. In other cases, proton loss appears to 
be dynamically tied to solvent relaxation. 241 " 24 '' 

Cukier has treated the problem of MS-EPT in the limit 
that the interaction between the final PCET products is 
repulsive and proton loss dissociative. The existence of a 
repulsive surface is attributed to the weakness of the H-bond, 
with proton dissociation aided by solvent electronic polariza- 
tion. 391 ^ 

5.S.4. pH Variations and the Distinction between AG<r and 
AG 

As noted by Krishtalik, the standard free energy change, 
AG, does not completely characterize the energetics of an 
elementary step since it depends on the choice of standard 
states. M6 ' W7 ' 5,n For ET or EPT, Krishtalik factors the driving 
force into two terms. The first is the free energy change for 
the chemical transformation that occurs in an elementary step, 
AG C , the configurationa! free energy change (section 4.4.2). 
Neglecting AAG app , it is related to AG, the overall free 
energy change, as shown in eq 121. The summations are 
over the mole fractions of final (f) and initial (i) components 
in their standard states. 

AG C = AG" + RT^ln ~ RT^lnX'f (121) 

The second term, the transpositional free energy change 
AG,, arises from the change in entropy associated with the 
mutual transposition of particles in solution in forming 
association complexes between reactants and products. In 
an ideal solution, it is given by eq 122, again neglecting 
AAG W . 

AG, = J?rf> X t - Rtpji X { (122) 

For the overall reaction, AG = AG C + AG,. For reactions 
where there is no change in the number of particles in the 
elementary step, AG C = AG, neglecting AAG app . However, 
for PCET reactions that occur by EPT in the elementary step, 
the difference between the two can be significant because 
of the transpositional term AG,; note eqs 1 15-120. 

One consequence of this analysis is that AG erT is 
independent of pH changes in the external solution. At the 
microscopic level, this arises because there is no basis for 
coupling a local gain or loss of protons to the surrounding 
ensemble of solvent, protons, buffer, etc. that defines the 
final equilibrium state, including the pff. Because of an 
absence of a pH-dependence for AG t n, ktrr is also 
independent of pH, 

That this should be so can also be seen by considering 
simple acid dissociation of a generic acid, HA, to give H 3 0 + 
+ A". This reaction can be written as the sum of the 
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elementary step for acid dissociation, H 2 0—H-A — 
H ? 0 + -A", followed by dilution. H 3 0 + — A" — H 3 0 + + 
A - . Except for generalized medium effects, the elementary 
step is unaffected by pH changes in the external solution. 

When pH-dependent PCET rate laws do appear, they may 
have a variety of origins. This has been discussed in a general 
way by Krishtalik. 5 " 1 Specific examples are discussed below. 
Another example is discussed in section 6.4.5, involving 
intramolecular oxidation of a phenol linked to a [Ku 111 - 
(bpy)3] 3+ derivative in which a linear dependence of AG°" 
on pH has been observed. 

5.5.4.1. pH-Dcpcndcnce. Proton Transfer followed by 
Electron Transfer (PT-ET). (a) Rate limiting proton 
transfer (PT-ET). In the oxidation of cw-[Ru m (bpyMpy)- 
(OH)] 2+ by [Os m (bpy)j] 3 + above pH = 6.2, eq 5, a 
pH-dependent term appears in the rate law that has been 
attributed to rate limiting proton loss to OH~, c«-[R.u lll (bpy)2- 
( P y)(OI-I)P+ + OH" - c>[Ru" 1 (bpy) 2 (py)(0)] + + H 2 0. 
This reaction is slow, with k < 0.1 M H s -1 . 5 

Thertnodynamically favored proton transfer reactions 
involving OH" or HjO + can be rapid, with rate constants as 
high as ~2 x 10" M"' s" 1 for the former and 2 x 10'° M _l 
s~ ] for the latter. 519 520 Because it is so slow, proton transfer 
from cf.?-[Ru MI (bpy) 2 (py)COH)]» to OH" is presumably 
highly unfavorable with p^Ru^-OH^) > 14. 

(b) Acid~base pre-equilibria with rate limiting electron 
transfer (PT-ET). Oxidation of ferrocene Fe(CsH s >, Fc, by 
quinone (Q) is pH-dependent, 2Fc + Q + 2H+ — 2Fc + + 
H 2 Q. The kinetics are also pH-dependent, but it has been 
suggested that the pH-dependence arises from prior proto- 
nation of Q {pK„ = -7) followed by Fc reduction of HQ + , 
Fc 4- HQ + — Fc + 4- HQ". Even though HQ + is a high-energy 
intermediate with p^(HQ + ) = -7, it dominates electron 
transfer reactivity because it is a stronger oxidant than Q by 
0.66 V. 82 ' 83 - 521 - 522 

5.5.4.2. pH-Dependence. Parallel ET-PT and PT-ET 
Mechanisms. A pH-dependence is introduced into a PCET 
mechanism if more than one form of a pH-dependent couple 
is involved. In this case, the pH-dependence originates in 
the effect of pH on the distribution between reactive forms, 
not from its influence on AC?. Note the redox potential square 
schemes in Figures 3 and 4. 

The kinetics of oxidation of [0s [l (bpy) 3 p by c(s-[Ru IU - 
(bpy) 2 (py)(OH)] 2+ in acidic solution in eq 5 are pH- 
dependent because of the pH-dependent distribution between 
cHRu™(biiy)2Cpy)(HzO)] 3+ and C7>[Ru n! (bpy) 2 (pyXOHj] 2+ . 
cw-[Ru III (bpy) 2 (py)(H 2 0)] i+ is more reactive than its hydroxo 
analogue by 7 x Iff 5 , but its pK aA is 0.85. There is a pH 
dependence because m-[Ru ili (bpy)2(pyXOH)] 2H ' plays an 
increasingly important role as the pH is raised, and its 
concentration relative to the aqua complex increases. 5 
Another example is the pH-dependent oxidation of ascorbic 
acid (H 2 A) by [TetCNMthiourea)] 2 ", with oxidative reactiv- 
ity in the order A 2- > HA" > HA. 523 

5.5.4.3. Buffer Effects. In pH-dependent kinetic studies 
near pH = 7, OH - and H + are in low concentration, and 
buffers are used to control and vary pH. However, electron 
transfer data obtained under such conditions must be 
interpreted with care since the buffer itself can be an active 
component. The kinetics of oxidation of tyrosine (TyrOH) 
by [Os ,n (bpy).i] 3+ , and a related series of polyridyl complexes, 
were investigated in a I^PO^/lIPCr - buffer over a range 
of buffer concentrations. 52 ' 1 



There is a background reaction between tyrosine and [Os ln - 
(bpy)j] 3 f . It occurs by ET, [Os III fbpy) J ] 3+ + TyrOH — [Os 11 - 
f>py)j3 ,+ + TyrOIT + , followed by PT and is relatively slow, 
£{23 °C, / = 0.8) = 1.7 x 10 J M _1 s" 1 , because AG 0 ' = 
+0.5 eV for the initial ET step. Added buffer catalyzes the 
reaction, with the experimental rate law consistent with initial 
association between TyrOH and HPOj 2 " eq 123, followed 
by two parallel pathways. In one pathway, deprotonation of 
TyrOII by proton loss to HPO4 2 " occurs followed by rapid 
oxidation of TyrO - by [Os lll (bpy) 3 ] 3+ . In the other, eq 124, 
the buffer component acts as the proton acceptor in a MS- 
EPT pathway. 

TyrOH + HPO? — • > Tyr3-H".0-PlO)iPOH'- (A' A ) (II)> 
T J rf).H».OF(0) J l>OH ! - <■ |0><'llb|» W* = 

T;-,OH... OKOyOrf tO*" l <bpyM'"' 



[0s , ^b w )J*\TyrOH^OI > (O),OH J -^Tyr3%H0rt0l!(0Hr*[0s t, (bi)y) J ] : ' (124) 

Based on the results of a detailed kinetic study over a wide 
range of buffer concentrations, K\ = 30 in eq 123 with 
A-[H 2 0)/A:(D 2 0) = 2.1 for the EPT step in eq 124, in 0.8 M 
NaCI at room temperature, 52,1 

As discussed in later sections, the participation by buffer 
components may be a general phenomenon. It may play a 
role in other reactions and require reinterpretation of earlier 
data on the oxidation of DNA bases and other biological 
reductants in buffered solutions. The MS-EPT pathway in 
eqs 123 and 124 is also important as a mimic for the 
suggested MS-EPT oxidation of tyrosine Y z in Pholosystem 

11 (section 7.2.2). 

6. Coupled Electron-Proton Transfer in 
Chemistry 

EPT pathways, both EPT and MS-EPT, have been invoked 
mechanistically in a number of PCET reactions. Examples 
have also been documented for discrete molecules adsorbed 
on, or bound to, surfaces and at the surfaces themselves, 
following "activation" procedures which produce O-contain- 
ing functional groups. 

6.1. EPT in Metal Complexes 

6.1.1. cis-[Ru l)/ (bpy)2(py)(0)f + and Related Complexes 

6.1.1.1. Comproportionation. The Jt(H 2 0yi(D 2 0) KIE 
of 16.1 ± 0.2 for comproportionation between cis-[Ru IV - 
(bpy) 2 (py){0)] 2+ andm-[Ru"(bpy) 2 (py)(H 2 0)] 2+ in eqs 10- 

12 includes both isotopic fractionation in the H-bonded 
association complex and EPT (section 5.3,2). 7 -* From a 
theoretical analysis by lordanova and Hammes-Schiffer 
(section 5.3), 41 " the 0--0 distance in the H-bond was 
calculated to be 2.70 A by fitting the rate constant and KIE 
with A = 0.53 eV (12 kcal/mol). This analysis neglected the 
v(Ru— O) mode and assumed a fixed 0--0 separation. 

The distributions through vibrational channels, shown as 
fractions in paranfheses, starting from initial level ft = 0 to 
levels v in the products were as follows: (1) coordinated 
HjO, v = 1 (0.73), v = 2 (0.18), v = 3 (0.09), and v = 4 
(0); (2) coordinated D 2 0, v = 1 (0.06), v = 2 (0.10), v = 3 
(0.1S), and v - 4 (0.62). These data illustrate the effect of 
the smaller quantum spacing for O— D (fko D ~ 0.7rttu H ) on 
the distribution through vibrational channels at room tern- 
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perature, with higher vibrational overlap occurring between 
(i = 0 and levels above v = 0 for Q— D. 410 

Farrar and Thorp studied comproportionation between 
[Ru lv (tpy)(bpyXO)] 2+ and [Ru M (ipy)(bpy)(H 2 0)] 2+ and for 
a series of tpy- and bpy-substituted derivatives. This allowed 
AC? for comproportionation to be varied over a range of 0.06 
eV (1 .4 kcal/mol). 492 For the tpy complex, the enhanced rate 
constant (~7) and decrease in *(HiO)«(D 2 0) (1 1.4 compared 
to 16.1) at the same AC? were explained by invoking 
enhanced steric crowding for the py complex, which 
increases the 0'"0 separation distance. This increases the 
proton transfer distance and decreases vibrational overlap 
(section 5.4.2). 4 ' 0 Experimental slopes of plots of In /r E pr vs 
AG were 0.66 ± 0.06 in H 2 0 and 0.64 ± 0.05 in D 2 0 rather 
than 0.5. This is consistent with intervention of p. = 0 — v 
vibrational channels above v — 0 {section 5.3.4), 

The pseudo-self-exchange reaction between [Ru ln (tpy)- 
(bpy(OH)] :+ and c!i-[Rii II (bpy)j(py)(H 2 0)] 2+ mentioned in 
section 5.4.2 occurs by pH-dependent and independent 
pathways. The pH-dependent padiway occurs by outer-sphere 
electron transfer between [Ru J "(tpy)(bpy)(0II)| J+ ' and cis- 
[Ru"(bpy) 2 (py)(OH)] + , is more rapid by M10, and occurs 
with A(H 2 0)/jt(D 2 0) = 1.5. The pH-independent pathway 
occurs by EPT with £(H 2 0))/fc(D 2 0) = 5.8 at 25 °C (/ = 
0.005 M). 7,B Based on the discussion in section 5.3.2, the 
large /^HjOVAtDjO) KIEs for comproportionation arise from 
unsymmetric H-bonds in the association complex, which 
increases the proton transfer distance and decreases vibra- 
tional overlap. 

6.1.1.2. Oxidation of H 2 0 2 . Oxidation of H 2 0 2 to Oi by 
cMRu tv (bpy) 2 (py)(0)] 2+ (*(H 2 0, 25 °C) = 1.74 ± 0.18) 
and c«-rRu MI (bpy)i(pyXOH)J 2+ (k = 8.09 ± 0.27 x 10 -2 
M" 1 s" 1 ) occurs by EPT, [Ru ,v -0-H-OOHp - [Ru 111 - 
O-H-'O0Hp + , to give HCV. Experimental &(H 2 0)/£(D 2 O) 
KIEs are 22.0 ± 1.2 and 16.2 rfc 0.7 (25 °C, 1= 0.1 M). 52S 
The HOMO on H2O2 is a combination of a 0 - 0 and an orbital 
of k* symmetry. 520 

6.1.1.3, Oxidation of H 2 Q. Oxidation of hydroquinone 
(H 2 Q) by a>[Ru !V Cbpy) 2 (py)(0)] : + occurs with i(H s O. 25 
°C, / = 0.1 M) = 9.6 ± 0.3 x 10 3 M-' s~' and £(H 2 OV 
Mp 2 0) = 28.7 ± 1.0 at 15 °C. From the results of a mole 
fraction study (section 5.5.2), a single proton is involved, 
consistent with EPT, [Ru ,v =0---H-0-C s rL,OH] 2 + - [Ru m - 
O-H-'O-QH^OHf Oxidation of Ii->Q by c*-[Ru 1 "- 
(bpy) 2 (py)(OH)] 2+ also occurs by EPT with *(H 2 0)/*(D 2 0) 
= 9.3 ±0.1 andA(H 2 0,25 °C,/i = 0.l M) = (1.16 ± 0.02) 
x 10 d M" 1 s" 1 . 33 Consistent with the discussion in section 
5.4,2, the difference in magnitudes between KIEs for the 
oxidants may be a consequence of a more unsymmetrical 
H-bond in the former due to the change in hybridization at 
the oxo group. 

6.1.1.4 Comparisons. KLE data are collected in Table 1 
for reactions involving ™-[Ru lv (bpy) : (py)(0)] 2+ {Ru lv =0 21 ") 
and cw-ERu'^bpy^OpyJCOH)] 2 1 (Ru m -OH 2+ ) as the oxidants 
with a series of reductants. 18 The data include differences in 
enthalpies, A//*, and entropies, AS*, of activation between 
reactions studied in H 2 0 and D 2 0. The data were treated by 
using the reaction rate theory expression in eq 125. In this 
interpretation, k = — K A k E pr, and the differences between 
A AH* and A AS* include AH° and AS° for H-bonded pre- 
equilibria with their associated isotopic fractionation factors 
(section 5.3.2), 3M 

The higher AH* values in D 2 0 are consistent with greater 
use of vibrational channels above vibrational level fi = 0, 



Table 1. H 2 0/D 2 0 Kinetic Isotope Effects and Activation 
Parameters for Oxidations by c/s-jRu lv (bpy) 2 (py)(0)] I< ' and 
eiHRo , "(t>pyMpy)(OH)] !+ in Water (/ = 0.1 M) at 25 °C 



(D,0 - H 2 0) 
25 °C tcalrraol «l/"Cnwl 



Ru lv -0 I *+R. il .OHj :! -' 7 " Ih! .,<>: 


! +t.6 -0.3 






R!l"-'-0" f HO-Q-OH -S 7 : I I 








Ru iir«, 0 !» + H . 0 . 0 . H -icr: 


+3.2 -2.0 






Ru lu -OM s * - HO-^-OH >> :-- ' ' 1 




Ids 3 ) ry) 




RuH'-OH 3 '* H-OO-H |r,,' -i|- 


NA NA 


(djf 1 ) (<r) 



•Thecleawnfc corf ^nations of lite clRhwi tramfei dwc,:s au.t wcepicire nre 
imiicati-d fw uidmduol tallies. 




(125) 

eq 103, and the smaller O— D quantum spacing (section 
5.3.3). KIEs for Ru ln -OH 2+ may be lower due to the 
difference in hybridization at Ru— OH compared to Ru=0 
which decreases proton transfer distances (section 5.4.2). 



6.12. Oxidation of Phenols by trans-[Ru vl (L)(0}2f^ (L = 
1, 12-Dimethyl-3,4:9, 1Q-dibenzo-1,2-diaza~5,8- 
dioxacyclopentadecane) 

The oxidation of a series of phenols by frans-[Ru vi (L)- 
(0) 2 ] 2+ was investigated in water and CH3CN. 375 For phenol 
in water, pH-dependent and -independent pathways were 
observed consistent with K25 °C, I ~ 0.1 M) = 12.5 M _l 
s-'forPhOHand/c(25 °C, 7 = 0.1 M)=S.0x 10 s M-' s" 1 
for PhO". The pH-independent pathway occurred with 
/f(H 2 0)/jc(D 2 0) = 4.8. Based on the KIE and the influence 
of bulky substittients in the oxidation of sterically hindered 
phenols, it was concluded that pH-independent phenol 
oxidation occurs by a HAT (EPT) pathway, eq 126. Fol- 
lowing the 1 e - / 1 H + oxidation in eq 1 26, the phenoxy radical 
undergoes further 3e~ oxidation by «-ans-[Ru v, (L)(0) 2 ] 2+ and 
friBnj-ERu v (L)(0)(OH)] 2+ to give p-benzoquinone, in com- 
petition with coupling of the radical to give 4,4'-bipheno- 
quinone. 375 

7)««j-rRu vl aVO} 2 ] ! * + FfcOH * ;ram-.|Rn v tLKOXOH)) : N-Fti.O- (136) 



L - 1.12-DiiiKthyi-M 9.1Crfj r |>Mi2o.[ J-Ji2za-5,8ifioMrrc!op™udcc,ine 

In the oxidation of a series of substituted phenols by trans- 
[Ru v '(L)(0)2p in CH 3 CN, a straight line correlation was 
observed between log k and the bond dissociation energy of 
the phenol. A separate correlation was observed for phenols 
with bulky 2,6-di-/e/T-butyI substituents close to the -OH 
group, resulting in significantly decreased rate constants. 375 
The comparison between the two provides graphic, if 
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qualitative, evidence for the importance of the proton transfer 
distance on EPT vibrational overlaps (section 5.4.2). 



Aniline undergoes 6e~ oxidation by e/A-[Ru !V (bpy) 2 (py)- 
<0)] 2+ in CH 3 CN. The products of the first stage are 
diphenylhydrazine (PhNHNHPh) and phenylhydroxylamine 
(PhNHOH). The reaction is first order in each reactant with 
M25A °C) = (2.05 ± 0.18) x 10 2 M _l s~'. In water, the 
reaction occurs with £(H 2 0)/ £(D 2 0) = 15.5 ± 2.2. Given 
the absence of one-electron oxidation polyaniline products, 
the initial redox step appears to involve a 2e~ change. 387 It 
has been proposed that 2e~/lH + EPT occurs to give the 
intermediate nitrene or protonated nitrene shown in eq 127. 



The relationship between 2<r!U-\ + EPT and hydride 
transfer is analogous to that between EPT and HAT. In 2e~/ 
1H + EPT, the electrons and proton are transferred from 
different orbitals in the electron-proton donor. Proton 
transfer occurs from £Jn_h, and electron transfer occurs 
from a n orbital. This is in contrast to the oxidation of 
formate anion (HC0 2 ~) in eq 4, in which both electrons and 
the proton come from the same C— H bond. 

Following the redox step, the nitrene intermediate is 
captured competitively by PhNHj to give PhNIINIIPh or 
by H 2 0 to give PhNHOH. The hydroxylamine does not build 
up in solution since it undergoes rapid oxidation to give 
nitrosobenzene (PhNO). 387 

6.1.4, "Colossal" Kinetic Isotope Effects in the Oxidation 
ofOs(IV) Hydrazido and Related Complexes by Quinone 
In section 2.3.1.3, pH-dependent Os(V/lV) couples such 
as /ranj-[Os v (tpy)(Cl) 2 (NNR 2 )] + /n™s-[Os IU {tpy)(Cl) 2 (N(H)- 
NR 2 )] + (pJT a = 3.21) were mentioned in the context of PCET 
thermodynamics. The change in proton content with oxida- 
tion state is reminiscent of those in the oxo/hydroxo/aqua 
couples C fe-[RuVl(bpy) 2 ( P y)(0)l^/ C ^rR U " 1 (tpy) 2 (p y )(OH)] 2+ / 
CTS-fRu^hpyMpyXHsO)]^. Kinetic studies on the oxidations 
of rwm--[0s IV (lpy)(Cl)2(N(H)N(CH 2 )4O)] + (note eq 128), 

2 f ™«--fOs Iv fip>XCI) ; (N(HlN(Cil,j i O)]* - 0 -* 

2 (r I «.s-)Os v (ipyKCI^NN(CH 2 ) J 0)] i +H;0 (128) 

/rans-[Os lv (tpy)(Cl)2(NS(H)-p-C«H 4 Me)] + , and /ranj-[Os ,v - 
(Tp)(Cl) 2 (NP(H)Et 2 )] (Tp- is ti-i 5 (pyrazol-l-yl)borate anion) 
by quinone (Q) in 1 :1 (v/v) CH 3 CN/H 2 0 have revealed the 



existence of EPT accompanied by colossal H/D 
KIEs _i3o.is ! .52U2s Representative structures of the complexes 
are shown in Figure 32. 

For /ranj-tOs'XtpyJCCl^CNCHJNCCHi^O)] 4 , EPT occurs 
at the N directly bound to Os. In rrans-[Os lv (tpy)(Cl) 2 (NS- 
(H)- jP -C (i H 4 Me)] + and /WM-[Os lv (Tp)(Cl) 2 (NP{H)Et 2 )], EPT 
occurs at S or P proton donor atoms once removed. 51 Driving 
forces are small for all three with AG = -0.05, +0.08, and 
+0.06 eV, which allowed the kinetics to be studied in both 
forward and reverse directions. 31 

pH-dependent kinetic studies revealed both pH-dependent 
and -independent pathways. The pH-independent pathways 
occur by EPT. Saturation kinetics and direct spectral 
measurements provide evidence for intermediates in all three 
reactions. In the representative mechanism shown for the 
hydrazido complex in eqs 129-132, H-bonding with Q is 
proposed in the intermediate. 
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The appearance of saturation kinetics allows separation 
of ftrai and K\. A proton inventory experiment was conducted 
as described in section 5.5.2. The variation of £ept with mole 
fraction of D and %c followed the relationship k x /kn = 1 + 
Xikofkn — 1), with kw, k 0 , and Ax as the rate constant in pure 
H 2 0, in D2O, and in a mixed solvent of mole fraction X. 
Values of ko/k» and ko were obtained by extrapolation. The 
results, shown replotted as k^Jkn versus #n in Figure 33, show 
that A(H 2 0))/A(D 2 0) = 439 ± 8!' 1538 As shown by the data 
in Table 2, all three reactions proceed with giant kinetic 
isotope effects. 

Based on an analysis of these data by Iordanova and 
Hammes-Schiffer, 47 (1) AGeft is large and positive for all 
three reactions (+18 kcai/mol (0,78 eV) to 21 kcal/mol (0.91 
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Figure 33. Plot of k„fk versus Xo for the reaction between quinone 
and rcartj-[Os lv (tpy)(CI) z fN(H)N(CH 2 ) 5 0)JPF 5 , eq 128, in 1:1 (v/ 
v) CH 3 CN/H 2 0-D 2 0 mixtures, p = 0.1 M, at 25.0 ± 0.1 "C at 
[Q] < 2.80 X I0- J M. k n and k z are rate c 
and in H 2 0-D 2 0 mixtures of mole fraction xo. 



eV)), and the reactions occur from initial levels n - 0, I, 2, 
... to v = 0 in the products and (2) the longest proton transfer 
distance is for P-H, but its K1E (at 25 °C) is the smallest. 
This is because the calculated P-H vibrational spacing is 
lowest, which leads to higher Boltzmann populations in levels 
above u = 0, in which vibrational overlaps are higher. 

6.1.5. Metal Complex Self-Exchange 

6.1.5.1. [Fe lll (H I bim) J (Hbim)p+/lFc"(H 2 bim). 1 ] J + Self- 
Exchange. The [Fe u, (H2bim)2(Hbim)] 2+ /[Fe il CH 2 bimli] 2+ self- 
exchange reaction, eq 89 in section 4.4, was studied by ! H 
NMR line broadening in CD 3 CN (/ = 0.1 M) as part of a 
comprehensive study of electron transfer in eq 1 33, proton 
transfer in eq 134, and PCET in eq 135. 357 

k <r 

[Fe'^fcbim),]" i tfe" 1 (Hibim)-,f " 

[Fe l!l <H,bi m >,r ■ [F,"(H,bim) s h n (133) 



[Fe ni (H 2 bim) ! ] K * {Fe'\Ht»ni)rH]!>™);] : * =s= 

n-e'^HbimXHafcimuf - (Ft^HtWmfcj'* (134) 



lFf' ; 'rHbiiuKHjhijti),] ! ' + [|-e"(H,l.iiii)J ! * 



:m5) 



PCET occurs by EPT and a small K1E, A'(N~H)//fc(N-D) 
= 2.3 ± 0.3 at 51 °C, 3 " consistent with a largely symmetrical 
H-bond, eq 89, in agreement with calculations by lordanova, 
Decomez, and Hammes-Schiffer (section 5.4.2)/ 09 Rate 
constants for electron transfer, £{25 °C) = 1.7 x 10 4 M _l 
s~ ! , and EPT are comparable due to compensating effects. 
The solvent reorganization energy is smaller for EPT, and 
electronic coupling is larger for ET, 409 

6.I.S.2. Related Metal Complex Self-Exchange Reac- 
tions. Self-exchange rate measurements have also been 



conducted on the 2,2'-bis(tetrahydro)pyrirm'dme <H 2 bip) 
couple, [Fe I "{Hibip) 2 (Hbip)] 2 l /[Fe II (H 2 bip) 3 ] 2+ in CD 3 CN 
(Figure 34). At temperatures near ambient, both electron 
transfer self-exchange between [Fe m (H 2 bip) 3 ] 3+ and [Fe"(H 2 - 
bip) 3 ] 2+ and EPT self-exchange occur with negative enthal- 
pies of activation with A//* = - 1 .5 ± 0.5 kcal/mol for EPT 
self-exchange. Hie negative AH* values have been attributed 
to self-exchange occurring preferentially from low-spin forms 
of the Fe(II) and Fe(lII) complexes. The k H lk 0 KIE was 1.6 
db 0.5 at 25 °C. 3 » 

In a comprehensive study at 25 "C in CD 3 CN, Soper and 
Mayer investigated PCET self-exchange between [Os IV (Tp)- 
(Cl) 2 (NHPh)] and [Os'"(Tp)<a) 2 (NH 2 Ph)] (Tp" is tris- 
(pyrazol-l-yl)borate anion) in CHjCN, electron transfer self- 
exchange between [Os IV (Tp){CI) 2 (NHPh)] and 
[Os l »(Tp)(CI)2(NHPh)]- and between [Os' v (Tp)(Cl) 2 (NHr 
Ph)J + and [Os nl (Tp)(Cl) 2 fNH 2 Fh)], and proton exchange 
between [Os w (Tp)(C]) 2 (NH2P]i)] + and [Os IV (Tp)(Cl) 2 (NHPh)] 
and between [Os m (Tp)(Cl) 2 (NH 2 Ph)] and 
[Os M1 (Tp)(CI) 2 (NH 2 Ph)]- and [Os lv (Tp){Cl) 2 (NHPh)]-. s}0 
This study revealed that the ET and PT self-exchange 
reactions were > 10 6 times more rapid than EPT with k m 
— 3 x 10~ 3 M _i s _l . This rate constant may be an upper 
limit because of acid and base catalysis of competitive ET- 
PT or PT-ET PCET mechanisms. 

The slowness of the EPT pathway was attributed to a 
possibly weaker and longer H-bond in the EPT precursor 
complex which "raises the barrier to HAT-PCET self- 
exchange and increases its nonadiabaticity". 530 Consistent 
with this notion and the discussions in sections 5.4 and 6.1.4, 
there is presumably a highly asymmetrical H-bond in the 
[Os lv (Ph)(H)N-HN{Ph)(H)Os m ] + association complex and 
a long proton transfer distance. There is a large p£„.i 
difference of >25 pK„ units between [05 IV (Tp)(Cl) 2 (NH 2 - 
Ph)] + and [Os 1M (Tp)(Cl)2(NH 2 Ph)]. S3, > 

6.1.6. EPT in Metal Complex PCET 

6.1.6.1. Mn 4 04(0 2 PPh 2 )6. The cluster [Mruf^-OHOa- 
PPh 2 ) 6 ] is reversibly oxidized to [Mn4C"-0) 4 (OjPPh2)6] + . 
Reduction by phenothiazine (PTZH) in CH 2 C1 2 gave [Ma,- 
(a-0) 3v u-OH)(0 2 PPh 2 )s] and PTZ + . Reduction of the neutral 
cluster with PTZ-H gave the same product end PTZ*. The 
two reactions were described as occurring by hydride transfer 
and H-atom transfer, respectively, but the k\\lko kinetic 
isotope effect is negligible, and the mechanisms could 
involve ET-PT. 531 -" 2 

6.1.6.2. Mn Macrocyles as Superoxide Dismustase 
Mimics. In a study of superoxide dismutase (SOD) mimics 
based on a series of pentaaza macrocylic complexes of Mn, 
the kinetics of 0 2 "~ reduction were studied for the complex 
shown in eq 136 in its aqua form. S3) This reaction occurs 
with both acid-dependent and -independent pathways, with 
the latter attributed to reduction of H0 2 ' by the aqua form 
of the complex as shown in eq 136. For this pathway, kiH^O)/ 
k{DiO) = 2. However, assuming that ^(HC^) has an 
equilibrium isotope effect comparable to that of acetic acid, 



|F-v"(H ; bi|»,,] : ' [Fc^H.-iipKHblpp 

Figure 34. [Fe«(H 2 bip) 3 p + and rFe m (H 2 bip) 2 (Hbip)] 2+ . 
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[LjMn"-On,] + H<V [L 4 Mn !I, -OIIJ ■> HjO, [136| 

^{HOAcJ/Zf^DOAc) = 3.3, 5M the KIE for the redox step, 
kni, could be ~6. The mechanism was described as HAT, 
but electron transfer comes from a d-orbital on the metal 
and the proton from a 0 -n on the bound water to give d 4 
Mn(IH) and H2O2. The elementary step is probably better 
described as EPT. 533 

6.1.6.3. Oxidation of Phenols by Dioxygen Complexes. 
The kinetics of reduction of [Cu"(/<-peroxo)Cu 11 and Cu lll («- 
0)zCu'"] dimers by a series of phenols in acetone at -80 
°C have been investigated (Figure 35). The reaction for the 
Cu(III)— Cu(IN) dimer is illustrated in eq 137. In these 
reactions, ArOH/ArOD k H /k D KIEs were obtained ranging 
from 1.21 to 1.56. 535 



Linear relationships were found to exist between RT\n k 
and -AC over a range of AG values of 0.2 cV (4.6 kcal/ 
mol) with slopes of 0.7 in both cases. Based on these slopes, 
a mechanism was proposed involving pre-equilibrium elec- 
tron transfer followed by EPT. In the oxidation of this series 
of phenols by cumylperoxy radical under the same condi- 
tions, ArOH + PhCMe 2 0 2 ' — ArCT + PhCMe 2 0 2 H, rate 
constants were essentially independent of AG, consistent with 
PT-ET. 

In the series of copper— dioxygen adducts shown in Figure 
36, electronic structural properties were varied systematically 
by varying the tigand pyridyl donor substituents with R = 
H, MeO, and Me 2 N. Detailed mechanistic studies were used 
to distinguish whether the initial step involved EPT or ET- 
PT. At low driving forces for ET, ET-PT dominates. At high 
positive driving forces, EPT dominates. 536 

In the catalytic oxidative dehydrogenation of 3,5-di-fert- 
butylcatechol and 2-aminopbenol by 0 2 in the presence of 
dioximato-oobalt(U), iron{H), and Mn(II) complexes, the rate 
determining step is H-atom abstraction (EPT) from the 
phenol by the MO2 complexes. 537 

6.2. EPT In Organic PCET 

6.2.1. Excited States 

6.2.1.1. Intramolecular Proton Transfer. Changes in 
electronic structure induced by proton transfer have been 
observed in organic excited states that arc related to EPT. 
In a series of ct-hydroxy ketones such as 2-methyl-3- 
hydroxychromone in Figure 37, So — S, excitation is 
followed by internal proton transfer and formation of a high- 
energy tautomer. Relaxation to the lowest triplet of the 
tautomer and optical pumping provide a basis for amplified 
spontaneous emission, lasing action, and an intramolecular 
proton transfer laser. 558-541 




Figure 38. BZTI and BZT2. 

Similarly, intermolecular proton transfer and tautomerism 
based on concerted double proton transfer have been 
observed following excitation of pyrrolpyridines. Concerted 
double proton transfer is illustrated for the 7-azaindole (7- 
AI) dimer in eq I39. i42 - M6 



KB 



Intramolecular charge transfer (ICT) dual fluorescence 
from p-dimethylaminobenzamide (DMABA) in actonitrile 
is selectively quenched by HSO^ - . This may be due to proton 
transfer in the ICT excited state, eq 140, leading to enhanced 
nonradiative decay. 547 



- ><>< 



h 3 c' n ~^y~ %j-h Cr\> 



Orthohydroxypheny! benzotriazoles are used as ultraviolet 
absorbers because their excited slates undergo ultrafast 
nonradiative decay. The decay mechanism involves excited- 
slate intramolecular proton transfer (ESIPT) through a conical 
intersection. 548-554 Complete active space self-consistent-field 
(CASSCF) calculations on 2-(2'-bydroxyphenyl)taenzotria- 
zole without the fused benzo group, BZT2, reinforce a 
mechanism involving (1) excitation to give an internal charge 
transfer state (ICT), (2) intramolecular proton transfer 
involving twisted geometries, and (3) rapid decay from the 
keto state following proton transfer (Figure 38). 555 
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Figure 39. Benzocinnoline /V-oxi<Ie. 




6.2.1.2. EPT in Gas-Phase Clusters. Excitation of phenol 
in small ammonia clusters in the gas phase gives the Si- 
(j-ht*) excited state. It undergoes surface crossing to a singlet 
n* Rydberg state which is dissociative along the OH 
coordinate. This state subsequently undergoes EPT to the 
surrounding ammonia cluster. 556 '" 7 

6,2.13 Aromatic Excited State Quenching by Phenols 
and Hydroquine. 6.2. J. 3.1. Aromatic Ketones. Aromatic n 
— n* carbonyl triplets sucli as the benzophenone triplet are 
quenched by phenols. One pathway for quenching is by 
reduction, eq 141. 558-555 Kinetic isotope effects in 9:1 CHj- 



3 RR'CO + ArOH — ~ ArO" + RR'COH 



(HI) 



CN/HjO or 9: 1 CHjCN/D 2 0 vary from 1 .2 to 4.5 depending 
on the ketone and the phenol, pointing to HAT at the ketone 
and EPT at the phenol in the quenching step. Geometrical 
effects on intramolecular HAT-EPT have also been studied 
in oxyelhyl-linked phenolic ketones; note eq 142. SS ' ,S60 

In a closely related study, the quenching of excited-state 
fluorenone by a series of phenols was investigated in H- 
bonded pairs in organic solvents. 560 Quenching of both singlet 
and triplet excited states occurs with rate constants that 
increase with the reducing ability of the phenol. Energetic 
arguments based on acidities before and after electron transfer 
greatly favor EPT as the mechanism and emphasize the 
importance of H-bonding prior to EPT. S6! HAT (EPT) 
mechanisms have also been invoked in the quenching of a 
series of benzophenone triplet excited stales by p-cresol. S61 

6.2,1,3.2 N-O.xides. Application of transient absorption and 
IR monitoring following UV excitation of isoquinoline 
W-oxide and benzocinnoline W-oxide (Figure 39) were used 
to demonstrate that quenching of their excited triplet states 
by hydroquinone occurs by EPT, eq 143. 562 

co'° • c£ ccr - 6 « 

6.2.2, Organic Radicals 

6.2.2.1. Correlations with Bond Dissociation Energies 

and AG. In sections 5.2.2 and 5.2.3, mention was made of 
the extensive correlations that exist for HAT between log k 
and bond dissociation energies. These correlations extend 
to EPT involving organic radicals, including the oxidation 
of phenols by rra«^-[Ru vl (L)(0) 2 ] :t+ (L = 1,12-dimethyI- 
3,4:9,1 0-dibenzo-l,2-dia;ia-5,8-dioxacyclopentadecane, Fig- 
ure 40), 37S and peroxy radicals 3 " 10 and to a Marcus cross- 
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reaction correlation for a series of EPT, and hybrid HAT- 
EPT pathways involving metal complexes and organic 
radicals (section 5.2,2). 563 

6.2.2.2. Oxidation of TEMPO by [Fe n, (H 2 bip)2(Hbip)] 2+ . 
Oxidation of the stable nitroxyl radical TEMPO by [Fe'"(H2- 
bip)2(Hbip)] 2+ , eq 144, is an example of a metal complex- 
radical reaction used in the Marcus correlation described 
above. Temperature-dependent kinetic measurements in CHr 
CN revealed a negative enthalpy of activation, AH* = —2.7 
± 0.4 kcal/mol, 563 which was rationalized by using a form 
of the Marcus cross-reaction equation interrelating AH* and 
AH for the overall reaction. The large negative AS° value 
of -30 ± 2 cal mol -1 K" 1 was attributed to a spin state 
change between the Fe(II) and Fe(III) forms of the complex. 



(Fc : »(KMp;] : ' 



6.2.23. Oxidation of Phenols by Galvinoxy Radical. 

Oxidation of a series of substituted phenols (ArOH) by the 
stable radical galvinoxyl (GO", note the structure in Figure 
10), ArOH + G — ArO* + GOH, has been studied in 
toluene. The rate constant for the reaction with 2,4,6-tri- 
fert-butylphenot (TBP) is solvent-dependent, with k varying 
by a factor of 30, decreasing markedly in polar solvents, 
qualitatively consistent with theoretical predictions (section 
5.5. 1). Kinetic isotope effects, k H !k D , of up to 6.3 ± 0.3 were 
observed for the reactions. 1 ' 9 ' 1 

6.2.2.4. Other Reactions. The effects of guanyl radical 
production in plasmid DNA following /-irradiation have 
been detected by using an Escherichia coli base excision 
repair endonuclease to convert stable end products to strand 
breaks. Addition of micromolar amounts of substituted 
phenols strongly attenuates excision by capturing guanyl 
radicals. Based on an energetic analysis, it was concluded 
that capture of the radicals by phenols occurs by EPT. 564 
The oxidation of ^-cresol O-MeCeH^OH) by the cation 
radical of M-methylindole (Me-Ind -+ ) occurs with k(H 2 0)/ 
k(D 2 0) of 2.4 ±0.1, consistent with EPT, 565 

6.2.2.5. Theory. 6.2.2.5.1. EPT m Amino Acid Model 
Compounds. Quantum chemical calculations based on the 
density functional theory method B3LYP have been con- 
ducted on net HAT reactions involving amino acid model 
compounds 566 H-bonded to vinyl alcohol and methoxy 
radicals. 567 Depending on the radical-bridge-acceptor com- 
bination, three different mechanisms were identified: (1) 
proton governed hydrogen transfer, in which a proton is first 
transferred to a neighboring amino acid residue followed by 
electron transfer (PT-ET), (2) overlap governed hydrogen 
transfer (EPT), in which the transferring proton and electron 
take different paths, and (3) HAT, 567 Intramolecular hydrogen 
atom migration in amide and peptide radicals also occurs 
by EPT, based on combined B3LYP-MP2 calculations. These 
calculations show that the migrating H-atom has negligible 
spin density and substantial positive charge with electron 
transfer occurring in parallel through a ^-orbital system in 
the same or opposite direction from proton transfer. 567 

6.2.2.5.2. Thymine Radical and DNA. A theoretical study 
of oxidation within the thymine radical— acrylamide complex, 
eq 145, and the thymine-DNA radical complex was 
conducted based on the CASSCF method by using a 
frequency-resolved cavity model for the solvent. The cal- 
culations revealed that the preferred pathway depends on the 
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surrounding environment. ET dominates for the solvated 
thymine radical— acrylamide complex, and EPT dominates 
for the solvated DNA radical complex. 548 The difference in 
behavior is due to decreased solvent accessibility in the 
presence of DNA, which alters the relative free energies of 
the initial ET and EPT products. 

6.2.2.5.3. Oilier Reactions. High-level ah initio electronic 
structure calculations have been applied to the gas-phase 
bimolecular reaction, HCOOH + - OH — HCOO" + H 2 0, 
and to the intramolecular reaction, -OOCH 2 OH — H0OCH 2 O\ 
Both are of environmental interest. For both, EPT is a lower 
energy pathway than HAT. The two mechanisms are 
illustrated for the bimolecular reaction in eqs 146 and 147. 
An important factor favoring EPT over HAT is the higher 
triplet repulsion energy for HAT arising from the unpaired 
electrons localized on the participating 0-atoms. S6} 




Oxidation of a series of o, m-, p-methyl and dimeth- 
ylphenol derivatives by HCV was studied by using the 
B3LYP functional. The calculations suggest that the phenol— 
hydroperaxyl reactions proceeded by PCET (EPT) rather than 
H-atom transfer (HAT). 570 Oxidation of phenol by HOO" 
occurs by EPT and of toluene by HAT. 571 

For the self-exchange reaction between R 2 C=NO" and 
R 2 C=NOH, DFT calculations reveal a pathway for exchange 
involving a five-center, cyclic PCET (EPT) pathway. In this 
pathway, the proton is transferred between electron pairs on 
the O-atoms and the electron transfers between in-plane 
orbitals on the N-atoms over a distance of 2.65 A," 2 

6.3. PCET through "Salt Bridges" 

The dynamics of excited-state electron transfer within 
molecular assemblies held together by H-bonding through 
"salt bridges" have been investigated by laser flash photolysis 
by Nocera and co-workers. 50,573-573 In one series of experi- 
ments, laser flash excitation of the Ru(bpy) chromophore 
shown in Figure 4! was used to access metal-to-ligand charge 
transfer (MLCT) [Ru m {bpy-)] excited states. Excitation was 
followed by oxidative quenching by nitrobenzene derivatives 
linked to the chromophore by amidinium-carboxyate H- 
bonded bridges. 

Two types of assemblies were studied, one with the 
amidinium bound to the Ru(bpy) chromophore shown in 
Figure 41 as assembly (1), and the other with the amidinium 
bound to the quencher shown in Figure 41 as assembly (2). 
Both quenching and back-electron transfer were investigated 
in CH Z C1 2 at 22 °C with the back-electron transfer step 
illustrated in Figure 41 for both assemblies. 50 ' 374 The H- 
bonded assemblies in these cases are favored by two 
secondary H-bond interactions. 576 ' 577 In these reactions, 



excited-state electron transfer across the H-bonded interface 
creates an organic radical anion which increases the basicity 
of the acceptor. The resulting changes in local charge 
distribution couple electron and proton motion when back- 
electron transfer occurs. 

Back-electron transfer is highly favored with AG' 2 

eV (~ -46 kcal/mol) and occurs in the inverted region with 
|AG| > A; note the discussion on the inverted region in 
section 5.3.4. X is the sum of the iuUaiiiolecular and solvent 
reorganization energies, as discussed in section 4.2.1. 

In the inverted region, the rate constant for electron transfer 
decreases as -AC? increases and the reaction becomes more 
favorable in contrast to the normal region, |AG| < A. This 
result is predicted by both the classical and quantum results 
in eqs 53 and 73 although they differ in detail. Based on the 
latter, in the average mode approximation with |AG| s* Shco 
and tuo » k^T, k ET varies with the "energy gap", E„, between 
the initial and final states as shown in eq 148Mt.jmjm,«j 

^yy- 1 < u9 > 

\AG\=E 0 + X tL (150) 

The rate constant for back-electron transfer is more rapid 
by ~40 for assembly (1), in which the amidinium pan of 
the interface is oriented toward the reduced dinitrobenzene 
quencher. The electrostatic effect of the positive charge on 
the amidinium and the dipole orientation within the H-bond 
interface stabilize the quencher radical anion by HJ.37 eV 
compared to assembly (2). In assembly (2), the anionic 
carboxylate group is on the same side as the reduced 
quencher with the orientation of the interfacial dipole 
reversed. 574 The dipole stabilization effect in assembly (1) 
decreases the energy gap (and —AG), increasing £ ET as 
predicted by eq 148. 

A theoretical analysis 405 predicts ET-PT to be far more 
rapid than EPT for excited-state quenching in assembly (1) 
and more rapid by a factor of 30 or more for assembly (2). 
Similar conclusions were reached in an analysis which 
included just the bpy ligand and not the Rufbpy) com- 
p]ex 408.463 The latter p red i cts thatET dominates back-electron 
transfer in assembly (1) and that a mixture of ET and EPT 
dominates in assembly (2). 40S 

Related observations have been made in an amidimum- 
carboxylate Rufbpy) assembly with a H-bonded, p-dimethy- 
laniline derivative where fast reductive electron transfer 
quenching occurs following laser flash excitation, 575 In a 
porphyrin-based study, fast oxidative quenching occurs 
following laser flash excitation of a Zn(porphyrin)-dini- 
trobenzene assembly through a carboxylic acid -carboxy lie 
acid H-bonded inlerface. 578 Electron transfer quenching and 
subsequent back-electron transfer have also been investigated 
in a Zn(porphyrin) bound to a naphthalcne-diimide acceptor 
through an amidinium-carboxylate interface. Transient ab- 
sorption measurements were used to time resolve the 
quenching and back-electron transfer reactions. m 

Temperature-dependent isotope effects have been mea- 
sured for electron transfer from an excited-state Zn(II) 
porphyrin to a naphthalene diimide acceptor through an 
amidinium-carboxylate H-bonded interface. An inverse 
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nigh amidinium-earboxylate salt bridges following oxidative quenching of 



kinetic isotope effect with kalko < 1 was observed at low 
temperature with # H /fc> = 0.9 at 1 20 K. increasing to 1 .2 at 
300 K.. The temperature-dependence of the isotope effect was 
attributed to the influence of bath-induced dynamics on the 
coordinate of the transferring proton. 380 

6.4. Multiple-Sit© Electron-Proton Transfer 
(MS-EPT) 

6.4.1. Phenol Quenching of 3 [C 6 o] 

Flash photolysis studies on the quenching of 3 [C eo ] by 
phenols in the presence of added pyridines show that the 
quenching products are [Ceo] - , ArO", and 'H-py, consistent 
with MS-EPT, 3 Cfio,ArO-H---py — Cm" .Ar-O-'II-pvr 1 ', eqs 
13 — 1 5. 1J .3ss £ H /£ B kinetic isotope effects of up to 1.65 ± 
0.10 were observed for these reactions. M - IW5S 

In a closely related study, oxidation of photochemically 
generated diphenyketyl radical, Ph 2 COH", by 1, 2,4,5 -tetra- 
cyanobenzene (TCB) was studied in 1 ,2-dichloroethane. 
Direct ET between PluCOH" and TCB, PhiCOH" + TCB 
— Ph 2 COH + + TCB' - , is endoergic by 0.4 eV and does not 
occur. Electron transfer does occur in the presence of the 
N-bases 2,6-lutidine, 3-chloropyridine, and 2-chloropyridine. 
These reactions occur by MS-EPT with electron transfer from 
the ketyl radical to TCB coupled to proton transfer to the 
H-bonded base, TCB,Ph 2 COH--B - TCB-.Ph.CO-^H- 
B. There is a A h /Ad kinetic isotope effect of 3.2 and transient 
spectroscopic evidence for H-bonding in the lutidine ad- 
duct. 56 ' 

6.4.2. An Intramolecular Analogue, Internal MS-EPT 
Rliile and Mayer have demonstrated an intramolecular 

analogue of phenol-pyrrdinc MS-EPT in an amino-deriva- 
tized, 2,4-di-fer/-butylplienol, eq 15 1. 582- ' 84 This phenol 
undergoes I c~ oxidation to the H-bondcd phenoxy radical 
at a potential 0.73 V lower than the potential for oxidation 
of 2,4,6-tri-/er/-butylphenol. The results of kinetic studies 
with a series of oxidants are consistent with an elementary 
step in which electron transfer is coupled to intramolecular 
proton transfer in a pathway that could be described as 
internal MS-EPT, eq 151. 




HOAr-NHj 



"OAr-NHj* 



The results of a related study on electrochemical oxidation 
of aminophenols, originally interpreted as occurring by ET 
followed by slow PT, 585 have been reinterpreted as most 
likely occurring by internal MS-EPT. m 



Figure 42. 2-HO-C 6 H 2 -3,5-(/-Bu) r CONH I . 

A similar effect may be operative in a series of H-bonded 
phenols such as 2-HOC 6 H 2 -3,5-(f-Bu) 2 -CONH 2 (Figure 
42). 387 Decreased peak potentials for oxidation of the phenols 
to ArOH" + were explained by the influence of intramolecular 
H-bonding in enhancing the acidity of the phenolic proton 
but is most likely due to the intervention of MS-EPT. Much 
larger shifts of 0.7—0. 1 1 V were observed for ArOH couples 
H-bonded to amine bases. 588- 590 

6.4.3. Proton Activation of Bound H0 2 ~ 

A series of heme-based proteins exists which reacts with 
oxygen or hydrogen peroxide to generate oxidatively active 
ferryl (Fe lv =0) in their active site cavities; see, e.g., section 
7.3.2. s * !_395 They play an important role as oxidants (e.g., 
the family of cyctochome P450 enzymes) and as catalases 
which catalyze the disproportonation of H2O1, HjOj — H2O 
+ O,. 

Synthetic procedures have been developed for adding a 
H-bonding scaffold to trimesityl Mn and Fe porphyrins. In 
the presence of IIjOj, they display enhanced reactivities 
toward epoxidation and catalase activity. The key activation 
slep has been suggested to be heterolytic O-O bond 
cleavage, which occurs by proton-coupled two-electron 
transfer, 2e~/H + EPT, eq 152. In this mechanism, 2e~ transfer 
occurs from Mn(III) or Fe(II) to bound hydroperoxide 
(HO2""), and a proton is transferred from an external H-bond 
through an appended carboxylic acid. The activation process 
gives the reactive Mn v =0 or Fe IV =0 groups at the porphyrin 

An 0=Fe ,v {porph' + ) intermediate has been observed 
directly by stopped flow spectroscopic measurements. It was 
generated by protonation and heterolytic cleavage of bound 
m-chloroperoxybenzoic to give the peroxido intermediate 
shown in eq 152. 5 *" 




6.4.4. Oxidation of DNA Bases 
6.4.4.1. Oxidation by Polypyridy] Complexes. The 

kinetics of oxidation of guanine in 2'-deoxyguanosine-5'- 
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Figure 43. Pathways for guanine oxidation. 

triphosphate, double-stranded herring testes DNA, and 
guanine-containing oligonucleotide hybridized to its Wal- 
son-Crick complement, all by [Ru m (bpy)3] 3+ , were studied 
in a phosphate buffer at pH = 7 by stopped-flow and 
electrochemical methods. There were two separate kinetic 
components involving non-interconvertible Forms of the 
reaclants. 311 The pathways for initial proton loss, electron 
loss, and EPT from guanine are illustrated in Figure 43. 5 "' 5 ' 3 

Oxidation of the mononucleotide occurred with A(H->0)/ 
it(D 2 D) = 1.4 with A(H,0)/A(DsO) = 2.1 for the DNA. 
Oxidation of guanine by a series of polypyridyl complexes 
of Fe, Ru, and Os having varying M(III/I1) redox potentials, 
E°', showed that RTh k increased with E°' with a slope of 
0.8 ± 0.2. A parallel variation with —AG (=F[{E°'(M ,,m ) 
- /J°'(guanine + ' () J] presumably exists since the guanine 4 '' 0 
couple remains constant through the series. 

These studies were extended to oxidation of both 7-dea- 
zaguanine and 7-deazaadenine, for which plots of R T In k 
vs E» were linear with slopes of 1.1. it(H 2 0)/A(D 2 0 KIEs 
for selected reactions varied from 2.2 to 10. In the oxidations 
of deoxyguanosine-5-monophosphate (dGMP) and herring 
testes DNA, plots of £ versus mole fraction DjO were linear, 
consistent with the involvement of a single proton. 51 1,512 

The large K1E values and mole-fraction-dependences for 
these reactions are consistent with EPT in the elementary 
step. Slopes of plots of RT In k vs £°' that are >0.5 point to 
participation by vibrational channels, /i = w — u = n above 
n = 0 (section 5.3.4). 

Based on these results, it was suggested that the solvent 
acts as the proton acceptor (solvent-assisted MS-EPT), eq 
153. However, in work in progress by Fecenko, il has been 




shown that oxidation of guanine (Q(HJ) is dependent on the 
base form of the added H^Or/HPO-i 2 " buffer which acts 
as the proton acceptor. Oxidation of the H-bonded adduct 
guanine(H)-HPO^ J ~ occurs by parallel pathways. In one, 
guanlne(H)-HPOt 3 ~ undergoes MS-EPT with [Mfbpyh] 3 -* - 
as the electron acceptor, eq 154. In the other, initial PT, G(H) 
+ HPO, 2 " — * G~ + H 2 P0 4 ~, is followed by rapid ET; note 
Figure 43 and the mechanism for tyrosine oxidation in eqs 
123 and 124 (section 5.5.4.3). There is a thermodynamic 
preference of ~ -0.5 eV (~12 kcal/mol) for HP0 4 2 - over 
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Figure 44. Possible H-bond interactions with the phosphate base 
buffer component at the primary and secondary amines of guanine. 

H 2 0 as the base, with PT favored by ~ -0.5 eV (-12 kcal/ 
mol) given the values p/r»(H 2 0) = -1.74 and pK,(HjP04~) 
= 7.1. 

A second, rapid kinetic component was also reported in 
the oxidation of guanine. Conceivably, it could arise from a 
parallel MS-EPT pathway with HP0 4 2_ hydrogen bonded 
to the primary amine rather than the secondary amine (Figure 
44), Following MS-EPT at this site, internal PCET would 
g-ive the more stable secondary amine radical. 

6.4.4.2. Oxidation by MLCT Excited States. TAP is the 
acceptor ligand in the lowest MLCT excited state of [Ru- 
(TAP) 2 (dppz)] 2+ (TAP is 1 ,4,5,8-tetraazaphenanthrene; dppz 
is dipyrido[3,2-n:2',3'-c)phenazine). The excited state is a 
strong oxidant with E°' = 1.44 V (vs NHE). It is reductively 
quenched by guanosine-5'-monophosphate with A(H 2 0)/ 
k{D 2 0) = 1.7 in a phosphate buffer at pH = 7, k(H 2 0) = 
1.7 x 10' M~' s~'. W7 Based on the isotope effect, it was 
suggested that oxidation occurs by solvent-assisted MS-EPT 
with water as the proton acceptor. Given the discussion in 
the previous section, HP0 4 2 " may be the actual proton 
acceptor. It is also possible that quenching occurs by EPT 
with the excited state acting as a Ie~/1H + acceptor, eq 155. 

\Rs n (IW(TW<llW>t' i C(H)— -rRii l, (TAP , -H>,TAPX<ippiH J * + C<"H>' (155) 

9x0 cft> 

Assuming that p/T a for the reduced complex, [Ru(TAP'- 
H)(TAP)(dppz)] 2+ , is the same as that for [Ru(bpym) 2 (bpz-- 
H)] 2+ (bpm is 2,2'-bipyrimidine and bpz is 2,2'-bipyrazine, 
pAT, = 9.2, section 2.8.3), AG* ~ -0.31 eV (-7.2 kcal/ 
mol) for EPT in eq 155. This calculation is based on E°' = 
1.44 V (vs NHE) for the G-H+' 9 couple and pK a = 3.9 for 
the guanine radical cation, G-H' + . 598 

Similarly, the back-reaction between [Ru^TAP'-HXTAP)- 
(dppz)] 2+ and G(— H)' following quenching occurs with 
Jr(H 2 0)/£(D 2 0) = 2.1 and may also involve EPT or MS- 
EPT. It has been suggested that oxidation of the ubiquinol 
analogue 2,3-dimethoxy-5-methyl-l,4-benzoquinol (UQH 2 ) 
by the MLCT excited state of [Ru(bpy) 2 (pbim)j + {pbim 
is 2-(2-pyridyl)benzimidazolate anion) occurs by EPT, 
[Ru lli (bpy-)(bpy)(pb!m)] + * + UQH 2 - ERu u (bpy-)rbpy)- 
(pbim-H)] + + UQH\<™ 

6.4.4.3. Radical Oxidations. Related observations have 
been made by Shafirovich and co-workers in a series of 
papers concerning electron transfer between DNA base 
analogues in an aqueous phosphate buffer. 5 13-5 16 For ex- 
ample, two-photon ionization of 2-amino-9-)3-D-ribofijrano- 
syipurine (2Apr) and 2-ainiiiopurine ([2AP]) is followed by 
rapid deprotonation to give the corresponding radicals [2Apr- 
(-H)"] or [2AP(-H)-] (Figure 45). The kinetics of their 
subsequent reactions with D-deoxyguanosme-5'-raonophos- 
phate (dGMP), e.g., [2AP(-II)-] + dGMP - [2AP] + 
dGMP(-H)', were followed by transient UV measurements. 
In these studies, KtTkOyAfDjO) values in the range 1.5- 
2.0 were observed which led to the suggestion that these 
reactions occurred by solvent-assisted MS-EPT. SIU!3 
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Figure 45. 2-Amiiiopurine and 2-ammo-9-/9-D-riboruranosylpurine. 

5'^2AP]TT[GG]TTTTTTTTTT-3' 

5^[2AP]TTr[GG]TrTTTTnT-3' 
5'-[2AP)AAAAAA[GG]AAAAAA-3' 
Figure 46. Line structures for the oligonucleotides. 

Long-range PCET in the 2-aminopurine— guanine ([2AP]- 
G) base pair system was subsequently investigated in a scries 
of oligonucleotides with thymidine (T) or adenine (A) 
spacers. 513-510 Two-photon ionization led to [2AP(— H)"] 
followed by intrastrand PCET, eq 156. The subsequent 
reaction was monitored by transient UV measurements for 
both single-strand and duplex, double-strand forms. 

[2AP(-H)']-Aii(or Tn)-G - [2AF]-An(or Tn)-G-(-H)* 
(156) 

In the duplex, oligonucleotides were complexed with their 
complementary strands. The duplex structures were used to 
avoid possible looping mechanisms with electron transfer 
occurring by outer-sphere, intrastrand electron transfer, Line 
structures indicating the sequence of bases investigated with 
the number of adenine (A) and thymine (T) spacers used in 
one study are shown in Figure 46. 5IS 

From kinetic measurements in H 2 0 and D 2 0, A(H 2 0)/ 
£CD 2 0) = 1.3-1.7. At the multiangstrom distances over 
which intrastrand electron transfer occurs in these oligo- 
nucleotides, EPT is not a feasible pathway because of the 
short-range nature of proton transfer (sections 5.3 and 5.4). 

Although not proposed in the original reference, this 
reaction may occur by the Ie~/2H + multiple-site-EPT 
pathway illustrated in eq 157. In ihis pathway, long-range 

""^HOr-tOHJO/ 

V>-rran)Oj i- 

electron transfer is coupled to two spatially separated proton 
transfers. The proton transfers occur with the separate 
phosphate buffer components H-bonded to the electron 
transfer doner and acceptor sites. Related pathways may also 
play a role in oxidative activation of the oxygen evolving 
complex of Photosystem II by tyrosine radical Yz' (section 
7.2.4). 

Related pathways and ambiguities exist in related chemical 
reactions. For example, quenching of the benzophenone 
triplet by diethylaniline or triethylamine occurs by ET-PT. 
Initial electron transfer is followed by proton transfer to 
reduced benzophenone from either the oxidized amine or 
an added proton source. 5 * 9 

6.4.5. pH-Dependent MS-EPT with Solvent as the Proton 
Acceptcr{7j 

Oxidative quenching of the Ru-bpy-tyrosine assembly in 
Figure 47 by methyl viologen dication, MV 2+ , [Ru"(bpy) 2 - 




Figure 47. Proposed solvent-assisted MS-EPT in the oxidation of 
the linked tyrosine in [Ri^'fbpyJjCbpy-TyrOH)] 3 "''. See text. Re- 
printed with permission ftom ref 495. Copyright 2003 American 
Chemical Society. 

(bpy-TyrOH)] 2+ * + MV 2+ - [Ru lil (bpy) 2 (bpy-TyrOH)] 3+ 
+ MV + , is followed by intramolecular electron transfer, eq 
158. 

IR.^'ihni-ybpj-Ty.OM))" + H.fi — [R u ^hre)_«l>ny-TvrfHl > * HjO* ( H8> 
[^"'.lycOIIJ" tRii ll -TyrO'J : ' 

As shown by laser flash photolysis measurements in NaHj- 
POn or NaH 2 B03 buffers, tabs is pH-dependent over a wide 
pl-i range. 58 - 60 ' -605 log tabs was found to increase linearly with 
[OH~] up to pH = 10, where the dominant form of the 
complex becomes Ru m -TyrO- (p/^TyrOH) ■ = 10). Ru IU - 
TyrO" undergoes rapid, pH-independent intramolecular 
electron transfer, Ru 111 -TyrO" — Ru !1 -TyrO\ with k ~ 5 
x 10' s" 1 . The rate acceleration is expected given the 
decrease in E°' for the TyrOVTyiO" couple {0.72 V vs NHE) 
compared to TyrOH 1 -/TyrOH (1.34 v). a ' WE - a,5 ' 5 » 7 Oxidation 
of [Ru m -TyrOH] 3+ is kinetically independent of [Ru m - 
TyrO~] 2+ because proton loss from [Ru nl -TyrOH] 3+ is stow 
compared to the time scale for electron transfer. 

The pH-dependence of electron transfer within [Ru m — 
TyrOH] 3+ was explained by invoking the reaction in eq 158 
as an elementary step. In this analysis, the driving force was 
assumed to increase with pH as AC? 0 ' = -/^'(Ru"™) - 
£°'(TyrOH'+) - 0.059(pH - pAT a (TyrOH ,+ ))] with F the 
Faraday constant (1 eV/V in SI units) and p£ a (TyrOH ,+ ) = 
_2 58,6t>},604 ^his pathway was analyzed theoretically by 
Hammes-Schiffer and co-workers, who accounted for the pH- 
dependence through its influence on AG. 495 They also found 
that the increased electron transfer reactivity for [Ru 111- 
TyrO _ ]' + compared to [Ru ln -TyrOH] 34 " was due to a smaller 
X n and the rate diminution for [Ru"'-TyrOH] 3+ was due to 
the small degree of vibrational overlap for proton transfer 
to solvent. 

Given the discussion in section 5,5,4, this interpretation 
of the pH-dependence raises significant questions. The 
elementary step proposed is not the solvent-assisted MS- 
EPT step shown in Figure 47 with a H 2 0 molecule or 
localized water cluster acting as the proton acceptor. Fol- 
lowing the analysis of Krishtalik, sections 5.5.3 and 5.5.4, 
if it were, the driving force would be independent of pH 
with AG fixed at G c (eV) - 0.08-0.059 (pK t (H } 0 + ) - pK a - 
(TyrOH*+)) = 0.04 eV (0.9 kcal/mol). In this analysis, the 
pH-dependence for the reaction in eq 158 arises from the 
dilution of H 3 0+ after EPT occurs with AG\ (eV) = 0.059- 
(p/r a (H 3 0 + ) - pH); note eqs 115-117. As noted in section 
5.5.4, the EPT step is independent of pH because there is 
no microscopic basis for coupling an elementary step in 
which a proton is lost to the surrounding ensemble of solvent, 
protons, buffer, e!c. that define the final equilibrium state. 

Other possible interpretations have been considered by 
Hammarstrom and co-workers and ruled out, A PT-ET 
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Figure 48. Structure of [Ru u (bpy) 2 (bpy-Tyrp)J 2+ . 



vith initial proton transfer to OH , [Ru m - 
TyrOH] 3+ + OH" - [Ru ,l, -TyrO-]' + + H 2 0, followed by 
rapid electron transfer, [Ru m -TyrO""j — [Ru^-TyrO*], was 
ruled out because, at the low concentrations of hydroxide in 
these experiments, proton transfer is too slow to explain the 
data. ilw W M 

The oxidation of TyrOH by [Os(bpy)j] 5+ in phosphate 
buffer (section 5.5.4.3) provides an "untethered" analogue 
of the reaction in eq 158. In this mechanism, eqs 123 and 
124, a pH-dependence arises indirectly by participation of 
the base form of the buffer (HPO4 2 " or HBO3 2 ) as the proton 
acceptor, eqs 159 and 160. Although there is evidence for 

rRu l "(bp>')3<l' W '-Ty 1 OH)) u ,. fn >0 4 '- = 

!R« ll, (bp.v) : (bpy-TyiO-H-OP(Ol3(OH))J' (159) 



fR<'"'< bp? )j< bpx-TyrO-H-OP(0)(OHjr - 

[Rii"lbpj>ylipy-TyiO--.H-OP(OKOH)]}'- <l«0] 

such a pathway at high buffer concentrations, 60 * it does not 
account completely for the results reported earlier, and a 
significant issue remains in interpreting the pH-dependence 
microscopically. pH-depandent oxidation of bpy ligands has 
been well documented for [Ru(bpy)3] 3+ and related polypy- 
ridyl complexes but is too slow to explain the results.* 01 -'™ 
The studies of PCET in light-driven intramolecular 
electron transfer were extended to two additional assemblies. 
In one, the bpy ligands in the structure in Figure 47 were 
replaced by the diester-bpy ligand 4,4'-(COOEt) 2 bpy, which 
increases E°' for the Ru(IMI) couple from 1.26 to 1.53 V. 
With the increased driving force for electron transfer, direct 
oxidation of TyrOH was observed, eq 161. fiM For this 
pathway, /t(H 2 0)fli:(D 2 0) = 2. 

lR« IB (J,44COOEt) J bpy> l il«.,vTyiOH)|" ► 

lS^, ll <4,'!'-^C00El);b 1 )}■),(bp)-Ty i OK'•)|■ > • (161) 

A pH-dependent pathway was also observed for this 
complex having the same pH-dependence as intramolecular 
oxidation of [Ru III Cbpy)i(bpy-TyrOH)] 3 ' 1 '. For the pH-de- 
petident pathway, A{H 2 0)/A:(D20) > 10, pointing to the 
importance of EPT in the rate limiting step. 

For appended tryptophan in [Ru nl (bpy) 2 (bpy-Tyrp)] 3+ 
(Figure 48), deprotonation of the trypotophan radical cation 
(pjf 0 = 4.7) is observed following intramolecular electron 
transfer, [Ru»(bpy) 2 (bpy-Tyrpl I' + )p* + H 2 0 — [Ru"(bpy) r 
(bpy-Tyrp-)] 2 ' + H j () + .«" 1 

Nocera and co-workers have reported similar pH-depend- 
ent intramolecular electron transfer events following laser 
flash photolysis of>c--[Re(phen)(CO) 3 (Ph 2 PC(0)OTyrOH)]+. 
In this assembly, the Re n (phen - ") MLCT excited state is a 
stronger oxidant, and intramolecular electron transfer occurs 
directly from TyrOH to the excited state, eq \62. m Intramo- 
lecular electron transfer is pH-dependent with the pH- 
dependence also attributed to the pH-dependence of AG 1 ", 



as for the reaction in eq 158. It is unclear whether or not 
buffer effects and MS-EPT played a role in this study. 

/ar-pfc^pharXCO}j(Ph ; PqOK>TytOH)r 

/ffC-tRcVhcn-XCOijtPliirCfOJOTyrOU * tf 

6.5. EPT on Surfaces 

The role of PCET at surfaces, either at surface sites or at 
linked molecules, was discussed in section 2.6. Evidence has 
also been found for EPT pathways at both types of electrode 
surfaces. The appearance of PCET at surface sites typically 
occurs following activation pretreatments that create O-based 
surface functional groups. 

6,5,1, Adsorbed Molecules 
6.5.1.1. }Ru ,, (tpy)(4,4'-(P0jH 5 ) 1 bpy)fH2OJ| J+ on ITO. 

As discussed in section 2.6.2, p?.u"(tpy)(4,4'-(P03H2)2bpy)- 
(H 2 0)] 2+ (The ligand structure is shown in Figure 12.) 
adsorbs to optically transparent Sn(IV)-doped In 3 Oj (ITO) 
electrodes. Surface coverage effects were observed with the 
[Ru IV =0] 2+ /[Ru lll OHp+ couple only appearing at complete 
monolayer coverages, r = 0.8 x 10" 10 mol/cm -2 . 106 

Direct oxidation of [Ru ll! OH] 2+ to [Ru !v =0] 21 occurs at 
Em > 1 .6 V (vs NHE), past the solvent limit. The appearance 
of the Ru(IWIII) wave due to enhanced surface coverage 
was explained by invoking "cross-surface" EPT, 2[Ru'"- 
OH] 2 *" — [Ru iv =0] 2+ + [Ru"OH 2 ] 2+ , analogous to the 
solution reaction in eq 12. It is followed by oxidation of 
[Ru n -OH 2 ] 2 and rapid proton loss from [Ru in -OH 2 ] 3+ . 
Proton inventory experiments (section 5.5.2) suggest a H 2 0/ 
DiO KIE as large as ~60 in pure D 2 0, pointing to restricted 
motion and a longer proton transfer distance on the surface 
compared to in solution. 106 

The Ru(IV/Hl) wave appears even on partially loaded 
surfaces if catalytic amounts of [Ru ll (tpy)(bpy)(H20)] 2+ (2 
fiM) are added to the external solution. Similarly, catalysis 
of the solution ERu lv (tpy)(bpy)(0)] 2+ /[Ru ll, (tpy)(bpy)(OH)) 2+ 
couple occurs by disproportionation to give adsorbed [Ru"- 
(tpy)(4,4-(P0 3 H 2 ) 3 bpy)(H 2 0)] 2+ followed by its oxidation to 
Ru(IIl). The proposed EPT surface pathways are illustrated 
in eqs 163 and 164. 610 
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6.5.1.2. Car and Trans Isomers of [Ru B (tpy)(4-(PO s H 2 ) 2 - 
4'-Mebpy)(HiO)l J+ and Cross-Surface EPT. As can be 
seen in Figure 49, when bound to ITO, there are isomers of 
[Ru ll (tpy)(4-(P03H2)2-4'-Mebpy)(H20)] :;+ . They differ in the 
positions of the phosphonate group (cis vs irtms) relative to 
the Ru-OHi axis. The redox properties of the surface [Ru 111 - 
OHp-VCRtf'-OHzf 4 couple on ITO are nearly superimpos- 
able with the corresponding solution couple independent of 
surface coverage. On fully loaded surfaces with monolayer 
coverages, there is evidence for catalysis of the [Ru lv =0] 2+ / 
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Figure 49. Proposed surface structures for the adsorbed trans and 
cis isomers of [Ru n (tpy)(4-(P0 3 H 2 )-4'-Mcbpy)(H 2 0)] :!4 -. 

[Ru" ! -OH] 2+ wave by cross-surface EPT but only for the 
cis isomer, 6 " 

6.5.1.3. [Os n {bpy) I (4-p y CH 2 NH 2 )(H 2 0)] 3+ Tet&ered to 
Au. The complex [Os il (bpyH4-pyCH 2 NH 2 )(H z O)] 2+ was 
attached by amide coupling to a mixed surface containing 
IIS(CH 2 )i 2 OH (12-mereaptododecarjol)and HS(CH 2 )i S C0 2 H 
(16-mercaptohexadecanoic acid) on gold head electrodes. 
Electrochemical measurements of [Os 11 — 0H 2 ] 2+ oxidation 
and [Os ll! -OH] s+ reduction gave asymmetrical Tafel plots, 
pH-independent rate constants, and transfer coefficients and 
were inconsistent with an ET-PT mechanism.*' 2 

6.5.2. Oxidative Activation of Carbon Electrodes 

Typical electrode materials are conductive and chemically 
inert, providing stable interfaces for electron transfer. In the 
absence of special structural features, these surfaces are 
unable to participate in complex pathways such as EPT. This 
caii result in slow reactions, large overvoltages, and elec- 
trochemical irreversibility (section 4.3.1). 63 - 64 Procedures have 
been developed for "activating" graphitic 613 - 614 or glassy 
carbon electrodes based on plasma treatments in an oxygen 
atmosphere, chemical or electrochemical oxidation, 615- * 23 or 
addition of adsorbed aromatics containing catechol functionali- 
ties.' 124 " 620 These modifications can dramatically enhance the 
electrochemical response for PCET reactions. 

Oxidative activation gives phenolic and quinoidal groups 
on the surface, as shown by XPS measurements. 6 15 ' 626 They 
can enable EPT, as shown, for example, by the surface 
catalyzed oxidation of reduced nicotinamide adenine di- 
nucleotidc (NADP) at an activated glassy C electrode. 625 
Surface activation has also been used to enhance electro- 
chemical responses for metal complex aqua couples such as 
[Ru(NII.,) 5 (H 3 0)] 2+ « 7 and c«-[Ru II {bpy) 2 (H 2 0),] 2+ ; note 
Figure 5 

The impact of surface activation on the electrochemical 
oxidation of catechol in eq 165 is shown in Figure 50. As 
the extent of surface activation is increased, a transition 
occurs from two overlapping, le" irreversible waves to a 
single, reversible 2e~/2H + wave. All catalyzed surface waves 
display significant H 2 0/D 2 0 KIEs. 619 

rr 0H jsl rr° 

V^OH +2e72rf *^\) 

Surface catalysis of the Os(V/lV) hydrazido couple of 
rranj-[Os lv (tpy)(Cl) 3 (NCH)N(CH 2 )40)] + {section 6.1.4) oc- 
curs at oxidatively activated glassy carbon electrodes. 
Activation induces both catalysis and strong surface binding, 
with the latter reminiscent of H-bond complex formation with 
quinone prior to EPT in eq 129 or surface activation by 
adsorbed catechols 624 ~ 62<i The proposed mechanism includes 
surface adduct formation by H-bonding, surface-solution 
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Figure 50. Cyclic vollarnmograms vs SSCH of solutions containing 
catechol, eq 165, in 0.1 M H 2 S0 4 following surface activation 
periods of 0 min (A), 2 min (B), 12 min (C), and 28 min (D). The 
scar rate is lOOmV/s. 6 " 

EPT, and H-bond adduct formation between OsfV) and a 
phenolic O-II. 628 

Related effects have been observed on other electrode 
surfaces. On ITO (In 2 0 3 :Sn(IV)), Thorp et al. have reported 
significant pH effects on the potential -current waveforms 
for the Mn{IV)-Mn(UI)/Mn(III)-Mn(lll) couple of [(bpy) 2 Mn- 
f>0) 2 Mn(bpy) 2 ] 3+ and the Ru(lV/III) couple of [Ru(tpy> 
(bpy)(li 2 0)] 2+ . Raising the pH to 7 greatly improves 
resolution of the waves and decreases peak-to-peak separa- 
tions in cyclic voltammograms. 1 " 

Electrochemical oxidation of a series of alcohols and 
amines at oxide coated Ni, Ag, Cu, and Co anodes has been 
investigated with evidence found for H-atom abstraction by 
surface oxide sites. At a Ni anode, there is a K.IE of 7.0 for 
oxidation of CH 3 OII compared to CD3OH. 629 

6.5.3. EPT at Elgctrodes 

In CH3CN and DMF in the presence of water, 0 2 is 
initially reduced to 0 2 ". A second wave appears in cyclic 
voltammograms for further reduction of Oj". The latter 
occurs with a transfer coefficient, the symmetry factor a, 
much smaller than the value 0.5 typically found for outer- 
sphere electron transfer. Reduction at the electrode was 
proposed to occur by solvent-assisted MS-EPT, O-O - — 
H-OH + e - O-O-H-OH-. 42 A related pathway 
involving pre-protonation may be operative in the reduction 
of the anion radical of the orthoquinone 3,5-di-fcrt-butyl- 
1,2-benzoquinone in the presence of weak acids. 43 

A theory has been developed to account for EPT in 
electrochemical reactions with an expression derived for the 
electrochemical rate constant as a function of the applied 
electrode potential, 42 In this theory, key factors are the solvent 
and intramolecular reorganization energies for both electron 
and proton transfer and the pre-exponential factor, which 
includes proton tunneling. For the reduction of 0 2 mentioned 
above, the small value of the transfer coefficient observed 
was attributed to a pre-exponential factor decreased in 
magnitude due to the requirement for vibrational wave 
function overlap. 
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7. PCETin Biology 

7.1. Introduction 

PCET is common in biology. Vital reactions, such as 
nitrogen fixation, water oxidation in Photosystem II, and 
respiration, all involve multiple-electron, multiple-proton 
changes. A molecular level understanding of how these 
reactions occur is emerging from X-ray structures, spectros- 
copy, theory, mechanism, and site-directed mutagenesis. 
Recent results combining molecular structure with density 
functional theory (DFT) have been especially reveal- 
j ng _52,s3,fi}o-M! W j tn tne j nS ig nt gained in these studies, it is 
becoming apparent that EPT, especially multiple-site-EPT 
(MS-EPT), plays an essential role mechanistically. 

The goal of this section is to focus on selected examples 
where EPT has been invoked, with a special emphasis on 
Photosystem II and the light driven oxidation of water. 

7.2. PCET in Photosystem II 

7.2.1. introduction 

Photosystem II (PSII) is a rmilti-polypeptide complex 
found in thylakoid membranes of chloroplasts. Plants and 
algae use water as the electron donor in the photochemical 
oxidation of water to dioxygen, eq 166. In green plants, 
electrons produced in this reaction reduce a quinone to 
hydroquinone, transferring reductive equivalents to Photo- 
system I, where they enter the Calvin cycle for reduction of 
CO:. Photosystem II turns over rapidly, producing up to 50 
molecules of 0 2 per 5e cond. 2 ''' I5 ' ^7 ' :l * ,<i33_<; ' , ' 1 

2H 2 0 + 4/iv — 0 2 + 4e~ + 4H + (166) 

A great deal has been learned about re- 
ac!ivity 2 ' ,;^5 ■ 17 • SJ ■" 5 ■■ 1SW3 »' M^ - 557 and mechanism in Photosystem 
T[MS-66i jj le structure has been determined to 3.0 A 
resolution. 383 ' < ' 62 Oxidation of H 2 0 is triggered by light 
absorption by antenna pigments and sensitized excitation of 
chlorophyll ? m . P m consists of Chl DI and Chl D2 , with CM D 2 
acting as an antenna fragment. 

Following excitation of Peso, the P 6S o* excited state 
undergoes long-range electron transfer (10.6 A) through a 
pheophytin bridge (Pheo D i in Figure 51) to bound plasto- 
quinone, Qa. to create a P6sq + -Qa.'~ redox-separated pair. 
Light-driven electron transfer is followed by rapid Qis to ns) 
electron transfer from tyrosine Tyrl61 on the Dl polypeptide 
(Y z ) to Peso'*', giving the neutral tyrosine radical, Y z ', with 
release of a proton, eq 167. The structure of the excited state- 
electron transfer array, including the close proximity of Tyrz 
to the oxygen evolving complex (OEC), is shown in Figure 
51, which is taken from refs 383 and 662. 

- Q A -P 63 c*-TyrOH - Q^V^-TyrO' + H+ 

(167) 

Oxidation of Yz to Yz" is essential in extending the 
separation distance between the photochemically produced 
oxidative and reductive equivalents. This increases the time 
scale for back-electron transfer from the 200 /is time scale 
for Q A *~ — Ffiso + back-electron transfer, avoiding loss of 
the transiently stored redox equivalents. 

In a following step, Y z * oxidizes the OEC. The OEC 
contains a 4Mn cluster with Ca 2+ and CI" as cofactors. In 
order to release 0 2 , the OEC undergoes four sequential tight 
absorption -electron transfer cycles coupled with loss of four 




Figure SI. Molecular structure of the reaction center of Photo- 
system II illustrating the Tyr z -Chl DI , ChI D2 (P 6 s[>)-Pheoui ~Qa 
donor-chromophore-acceptor (D-C-A-A') array and the prox- 
imity of Tyr £ to the oxygen evolving complex (OEC). Reprinted 
with perniission from ref 383 {http://www.sciencemag.org). Copy- 
right 2004 AAAS. 

protons. The sequence of photochemically induced transitions 
between states from S 0 to S 4 is known as the Kok cycle, 
with the subscripts identifying the number of electrons lost. 663 

S] is the stable resting state in the dark. Si, S,, S 2 , and S3 
all have been trapped in high yield by a variety of chemical 
and physical manipulations and stabilized by rapid freezing 
in the dark. 6M_66S Recently, spectroscopic evidence has been 
obtained for an intermediate, postulated to be S4, by 
measurements under high partial pressures of 0 2 . 56!l Ad- 
ditional evidence for transient behavior has come from 
application of transient X-ray absorption spectroscopy (XAS) 
to the K edge for Mn on the 1 0 fis time scale.™ 

Based on X-ray absorption near edge spectroscopy 
(XANES), the oxidation state distributions in the S states 
are thought to be Mn(II)-MnriII)-Mn(IV)-Mn(IV) for S 0 and 
Mn(ni)-Mn(III)-Mn[IV)-Mi)(IV) for Si. 638 - 61 '- 681 This con- 
clusion is in agreement with K/9 XES data 676 - 682685 and with 
»Mn ENDOR spectra of S 2 . W2 The presence of Mn" in S 0 
has been questioned recently based on low-temperature 
electron-spin-lattice relaxation measurements. 684 

Activation energies for the four steps in the Kok cycle 
range from E B - 0.05 to 0.4 eV (1-9 kcal/mol), rate 
constants vary from I0 3 to 10 4 s" f , and fl.-(H 2 0)/Jt(D 2 0) kinetic 
isotope effects of 1.2-2.9 have been measured. 379 ' 645 - 685 
Oxidation of S 3 occurs through S„ as a transient, which does 
not build up, giving So and 0 2 instead. In membrane- 
containing samples, 1.00-1.75 protons are released in the 
So — S] transition, depending on pH, with the higher number 
observed at lower pH, Proton changes at S 0 — Si appear to 
correlate inversely with Sj — ■ {S.i} — S 0 . 68 * The overall 
proton release patterns depend somewhat on sample type and 
pH. In intact samples, the proton release pattern appears to 
be 1:0:1:2 although apattern of 1:1:1:1 has been observed 
with spinach core particles. 6 " 

In PSII, there are two redox-active tyrosines, Y z and Y D . 
Each is oxidized by P 6B o + to form a phenoxyl radical with 
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Y z oxidized more rapidly. Y D can be selectively oxidized 
photochemically at 1.8 K. in PS1I enriched membranes with 
Y D ' detected by EPR. Warming the samples to 77 K results 
in a relaxation process leading to a stable form of the 
radical.* 68 Based on the results of 2H ESEEM (electron spin- 
echo envelope modulation spectroscopy), both Y D * and Yz" 
appear to be coordinated by two H-bands. 689 

In PSII-containing particles isolated from several Di- 
Hisl90 mutants in the cyanobacterium Synechocystis sp. PCC 
6803, rate constants for oxidation of Y z by P 6S o + are 
decreased dramatically, and Q A "~ — * Pfi$o + back-electron 
transfer dominates; note Figure 51. Addition of imidazole 
and other small organic bases greatly accelerates Pds(i + 
oxidation of Y z . These results are consistent with Di-Hisl90 
acting as the immediate Yz proton acceptor with the 
transferred proton bound to His 190 during the lifetime of 
Yz . m 

7.22. Possible Role for MS-EPT in the Oxidation of Y z 
by Peso* 

As suggested by Babcock and co-workers and by Krish- 
talik, both the formation of Yz" and subsequent oxidation of 
the OEC appear to utilize EPT pathways in order to avoid 
high-energy intermediates. 24 ^' 27 - 39 "- 298 - 379 - 64 *-* 52 -®'-^ Oxida- 
tion of Y z by P 6 8o + by electron transfer, eq 168, occurs with 
AC? 0 ' ~ +0.08 eV based on the recently revised estimate of 
■^'(Psso" 570 ) = 1.26 V (vs NHE)."'- 69 " By contrast, MS-EPT 
with electron transfer from Y z to P 6 s(> + and proton transfer 

to histidine 190, eq 169, is exeroergic with AG 0 ' 0.36 

eV {- -8.4 kcal/mol) although this estimate is based on 
solution values for p^ n (H + -His) (=5.5) and £°' for the 
tyrosine couple, 38 ^ The lower barrier for MS-EPT with ? m + 
as the electron acceptor may be critical since, as noted above, 
this step is in competition with Q A " — P e8C + back-electron 
transfer, which occurs on a time scale of 200 fis. The 
microscopic involvement of MS-EPT is also consistent with 
a H 2 0/D 2 O kinetic isotope effect of 3.64 at pH = 7 and the 
implied requirement for a nitrogen base as shown by the 
mutant results described in the previous section. There is 
evidence for single proton involvement in a Mn-depleted PSII 
core complex isolated from a site-directed mutant. 690 - 6 ' 5 




7.2.3. Oxidation of the OEC by 

7.2.3.1. Structure. The structure of Photosystem II from 
Thermosynechoccus elongates, presumably in Si, which is 
the stable resting state in the dark, has been determined 
recently to 3 A 6 * 2 and 3.5 A resolution. 382 In Figure 52 is 
shown a modified version of one stereoview of the 3.5 A 
structure taken from ref 650. In this version, the original 
3.5 A structure 383 was modified to include possible coordina- 
tion details around Ca and the Mn(3) and Mn(4) cluster sites. 




Figure 52. Structure of the PSH OEC from reference 383 with 
reprinted permission as modified in reference 650. Copyright 2004 
Science and 2004 American Chemical Society. Elements are colored 
as follows: C, dark gray; O, red; N, dark blue; Mn, purple; Ca, 
green. Hydrogen atoms are not included in the published structure. 
Numbering of amino-acid residues is in accord with the sequences 
of Thermosynechoccus elongates, the organism from whose protein 
the crystal structure was derived, with the abbreviations D for 
aspartate, E for glutamate, H for histidine, and A for alanine. The 
residues shown belong to the Dl subunit of PSII. Those bound to 
the Mn ions are shown as truncated side-chains except for 
C-ferminal Di-Ala344, which is shown in its entirety. The two water 
ligands proposed to act as substrates in water oxidation are labeled 
with asterixes. 

Suggested positions of H-atoms on the side chains of D t - 
Tyrl61 (Y z ) and CP43-Arg357 were also added. Although 
suggestive and useful for discussing the mechanism, at the 
resolution of the current stwetures, there is no definitive 
information about the water molecules designated as coor- 
dinating to Mn(4) and Ca or the putative oxo bridges shown 
in the cluster structure, and questions remain about local 
coordination environments at the CaMn 3 cluster. In recent 
work, Batista and Siegbahn have generated computational 
structures, including coordinated water molecules, starting 
from the low-resolution X-ray crystal structures, which are 
consistent with both X-ray and EXAFS data. 696 

Based on earlier EXAFS studies on Si, it was proposed 
that the OEC was composed of 2-3 di-^-oxo bridged Mn 
units with Mn— Mn separation distances of 
--2.7 A. 638 '"'- 682 - 6 "-™ 2 A more recent extended range EXAFS 
study on Si reveals three Mn-Mn vectors in the CaMn 3 
cluster, two at ~2.7 A and one at -2.8 A with one or two 
Mn— Mn interactions at 3.3 A. 476 

The more recent structure of the OEC at 3 A resolution is 
shown in Figure 53. In this structure, Mn-Mn distances were 
restrained by the results of EXAFS studies with Mn(l)- 
Mn(2) and Mn(2)-Mn(3) distances of 2.7 A and a Mn(3)- 
Mn(4) distance of 3.3 A. Ca is equidistant from Mn(l), 
Mn(2), and Mn(3) in this structure at -3.4 A. 676 

A complication in interpreting these structures at the 
molecular level is that the X-ray results include the effects 
of radiation damage and its impact on local structure through 
disorder and reduction of Mn(III) and Mn(IV) to Mn(II) by 
X-ray generated radicals. 701 Important features in both 
structures are (1) the six or seven ligating amino acid 
residues, including aspartate, glutamate, histidine, and ala- 
nine, with G!u333 and Asp342 required ligands as shown 
by mutagenesis 7 "- 704 (2) a CaMru cluster at the core of the 
structure, (3) outlying Mn(4) which is linked to the CaMn 3 
cluster and lies near Aspl70 with Asp6l, both of which 
appear to be in the second coordination sphere, and (4) Y 2 
and its associated histidine base in the near vicinity of the 
OEC. 
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His 337 

Figu rc S3. Schematic view of the CaMru cluster of the OEC with 
distances given in angstroms. The abbreviations are alanine (Ala), 
arginine (Arg), aspartate (Asp), glulamate (Glu), and histidinc (His). 
The distances between Mn (red) and Ca (orange), as illustrated by 
the connecting lines, are as follows: gray, 2.7 A; blue, 3.3 A; green, 
3.4 A. In trie labeling scheme, amino acids in black are in the first 
coordination sphere, and those beyond that sphere are in gray. 
Reprinted with permission from ref 662 (http.7/www.narure.com). 
Copyright 2C05 Nature Publishing Group. 

Asp 170 




His 337 



Figure 54. The favored EXAFS structure for the OEC in Si. Mil 
/i-OXO bonds are shown as solid green lines. Bonds to other possible 
ligand atoms arc shown as dotted lines, with black indicating a 
distance less than 3.0 A and blue indicating distances greater than 
3.0 A. Reprinted with permission from ref 683 (http://www- 
.scienceiTiag.org). Copyright 2006 AAAS. 

The 3 and 3.5 A structures are related but differ in (I) the 
apparent bridging rather than terminal roles for Asp342, 
G!ul89, and GIu333 as ligands and (2) coordination of 
Ala344 to Mn(2) rather than Ca, consistent with FTIR 
results. 705 

More recent EXAFS results have been reported on S ; from 
measurements on single crystals free of radiation damage. 4 " 
The EXAFS results were consistent with three different but 
topologically related structures, with the most favored shown 
in Figure 54. In this structure Mn A is Mn(4) in Figures 52 
and 53, Mn B is Mn(3), Mn D is Mn(2), and Mn c is Mn(l). 

In the EXAFS structure, the basic cluster and ligand 
frameworks are retained. Notable features include di-/<-oxo 
bridging between each pair of Mn partners, a single tri-ju- 
oxo bridge between Ca and Mn(2) and Mn(3), and a long 
Mn(4)— O distance between Mn(4) and Aspl70, 



Aspfii-r-ri— H--0. 



ft} 



Figure 55. Schematic diagram illustrating possible structural 
features at the OEC. It is based on the EXAFS and XRD structures 
in Figures 5 and 6. The water molecules shown are not observed 
in either the EXAFS or XRD structures. 

A schematic drawing of the OEC based on the EXAFS 
structure is shown in Figure 55. As suggested by the EXAFS 
structure, it includes coordinative stabilization of Mn(4) by 
triple bridging. It also includes features not seen in the 3.0 
or 3.5 A structures but proposed in the mechanistic discussion 
that follows. They include (I) three coordinated water 
molecules at Mn(4) in So, (2) two waters and a hydroxide in 
Sj, (3) a H-bond interaction between Mn(4)-OH2 and 
Asp61, and (4) Aspl70 in the second coordination sphere 
rather than bound to Mn(4). The latter is consistent with FTIR 
results; see below. 

7.2,3.2. Thermodynamics. Once formed, Y z " oxidatively 
activates the OEC sequentially through the four steps of the 
Kok cycle. Babcock and co-workers suggested intervention 
of the "H-atom abstraction" pathway illustrated for the So 
— Si transition in eq 170. 25 " 28 It involves simultaneous e"/H + 
transfer from d„*Mn(II) and ct 0 -h to TyrO". In the parlance 
of this review, this pathway would be described as le~/l H + 
MS-EPT. 



ft 



i Figures 52 and 53 appear to rule out 
this pathway. They show that, although Y z is H-bonded to 
Hisl90, it is ^-5 A from the Ca 2+ ion in the cluster and even 
further from the Mn ions, with the nearest being Mn(4) at 
~7 A. Although these are reasonable distances for electron 
transfer, they are unreasonable for proton transfer given its 
short-range character. 

The suggestion of an "H-abstraction" mechanism by 
Babcock followed from an analysis of the thermodynamic 
requirements for water oxidation. The standard reduction 
potential for the couple 0 2 + 4e - 4- 4H + — 2H 2 0 at pH = 
7 is 0.815 V (vs NHE) or, excluding the free energy of 
dilution of the released 0 2 , 0.884 V (section 5.5.4). 396_2M 
This makes water oxidation theimodynamically accessible 
to P 6S o + with E°' ~ 1 .26 V. However, the potential relevant 
to the activation of the OEC is F" for the TyiOVTyrOH 
couple at pH = 7, eq 171, or, more appropriately, for the 
TyrO , '" + H-Hts/TyrO-H"'His couple given the evidence for 
participation by His as a proton acceptor, eq 172. 

These potentials are approximations to the true membrane 
values and neglect differences in AG for formation of the 
H-bonded pairs TyrO"— + H-His and TyrO-H-His. Experi- 
mental estimates place £""(Y Z VY 2 ) at potentials 40- 11 0 m V 
more negative than £°'{P6go +/0 ), from which £""(YzVYz), eq 
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173, lies between 1.1 and 1.2 V. S60 It is notable that these 
estimates are still well below the solution value for the 
TyrOH + VTyrOH couple at E°' = 1.34 V vs NHE. 58 - 49 " 0 " 
This supports the formulation TyrO*-+H His/TyrO-H— His, 
for the Yz'/Yz couple. 

Tyi-0' + e - + H + -TyrOH 

£°' = 0.93 V (vs NHE, pll 7) (171) 

TyrO" + e" + + H-His — TyrOH + His 

0.90 V (172) 

Y 7 / + e~ — Y z £°' = 1.1- 1.2 V (173) 

An increase in potential for the Yz'/Yj couple in the 
membrane compared to solution is expected 706 and seen in 
the 0.2—0.3 V increase for the YzVY z couple compared to 
the solution couple in eqs 172 and 173. In the nonpolar 
membrane, oxidation of TyrO-H"*His to TyrO"-" + H-His 
occurs without benefit of a charge compensating counterion, 
and stabilization of the positive charge by polarization 
interactions with the membrane is greatly decreased com- 
pared to water. 

Given the estimated potentials for the YgVYz and 0 2 /H 2 0 
couples, the driving force for water oxidation by Y z * is ~6.3 
eV (~7 kcal/mol). This entails a mechanism which avoids 
high-energy intermediates and meets the 4e"74H + demands 
of the net reaction. The latter explains the use of four photons 
in the Kok cycle by the OEC to make 0 2 , which avoids the 
one-, two-, and three-electron intermediates "OH, H 2 0 2 , and 
H0 2 ". A le~ pathway to give hydroxyl radical, 'OH, Y z " + 
H 2 0 — Yz 4- 'OH + H + , can be ruled out in any case 
because AG 0 ~ +1.1-1.2 eV for this reaction, and the 
highest activation energy for the individual steps in the Kok 
cycle is £„ ~ 0.4 eV 707 

PCET and the loss of four protons are part of the 
stoichiometric requirement for water oxidation. PCET must 
also play an important role in the oxidative activation of the 
OEC by avoiding positive charge buildup. This causes redox 
potential leveling, enabling the accumulation of multiple 
oxidative equivalents over a narrow potential range (section 
2. 1.1).'° 8-711 

The importance of PCET is illustrated by the stepwise 
oxidation of a series of oxo and sulfido metal clusters in 
which the uncompensated buildup of positive charge con- 
tributes to an increase in E" of 0.3-0.4 V for each electron 
loss." 7 Injection of a positive charge into a membrane with 
dielectric constant D s = 3.5 by electron transfer would 
require 3i kcal/mol (1,35 eV). 712 Redox potential leveling 
by PCET has been demonstrated by the influence on E°' of 
proton loss from the /ti-hydroxo group in Mn ll! Mn lv (^i-0)- 
(fi-OH)(salpn) 2 (salpn = l,3-bis(salicylideneamino)pro- 
pane) 38 ° and by proton loss from H 2 0 in [M^l^H-Ok]" 1 "' 0 
(L = 2-hydroxy-I.3-bis(3,5-X 2 -salicylideneamino)propane, 
X = CI, H, <li-terl-bulyl). m - m 

Estimates of E°' have been made for the successive 
transitions in the Kok cycle. 647 From the Krishtalik value 
for the configurational potential of £ c °' = 0.88 V for water 
oxidation, AC C = 3.52 eV with n = 4. In order for water 
oxidation to proceed to completion or near completion, E," 
+ £ 2 °' + Ei"+ £ 4 0 ' > 3.6 eV with Ef, etc. the formal 
potentials for the separate S state transitions. This sets the 
average potential for the S state transitions at £, vt °' > 0.9 




Figure 56. Schematic view of the OEC illustrating: (A) possible 
H-bond interactions between Y z and histidine 190 and between 
NW'-OHi and aspartate D61 shown as light blue dotted lines; 
(B) the hydrophilic exit channel for proton transfer from the 
entryway at aspartate DSI to the lumen; and (C) possible substrate 
water binding positions to Mn(4) (X,) and to Ca fX 2 i and X 22 ) and 
another possible coordinated water molecule, not identified at 3.5 
A resolution, shown as W. Residues in the Dl , D2, and CP43 
subunits are shown in yellow, orange, and green, respectively. 
Reprinted with permission from ref 383 (http://www.sciencema- 
g.org). Copyright 2004 AAAS. 

Given this value and the potential of 1.1-1.2 V for the 
Y Z VY z couple, only a narrow potential window exists for 
the individual couples. Estimated values for S]/S 0 and S 2 /Si 
are O.SD and ~I 0 V. S6() The average value of potentials for 
the S 2 /S 3 and Ss/S, couples, (Ef + £0/2, must be >0.9 
V in order for water oxidation to be spontaneous. 

There are model systems that illustraie the possible role 
of PCET on redox potential leveling in the OEC. One is 
c;s-[Ru"(bpy)2(H 2 0) 2 ] 2+ (Figure 6), which undergoes four 
sequential e~/H + steps over a potential range of 0.6 V to 
give cw-[Rn vl (bpy) 2 (0) 2 p+. Similarly, ci?,cis-[(bpy) : (H 2 0)- 
0s" , -0-0s ll! (H20)(bpy) 2 ) 4+ undergoes a series of electron- 
proton transfers to give cij,c/j-[(bpy) 2 (0)Os v -0-Os v (0)- 
(bpyM 5 * over a comparable potential range. 112 The Ru 
analogue, ew,WH(bpy) 2 (0)Ru v -0-Ru v (0)(bpy)2]^, oxidizes 
water on the sub-100 ms time scale. 715 Other examples of 
metal complex catalyzed water oxidation have been reported, 
including ^<-oxo complexes of Mn. 90,S37 - 7l(i 

7.2.4. Oxidation of Yr Mechanism 

A number of accounts have appeared which address 
mechanistic details of how water is oxidized al (he OEC. 
Proton involvement 24 - 25 - 717 - 718 and electron -proton cou- 
p, mg 27. S 34 >M 7.65B have been discussed, and detailed models 
have been proposed. 63S - M3 - w - M7 .« 2 . 7,9 - 7W In the account that 
follows, a mechanism for oxidative activation and water 
oxidation is presented that emphasizes the possible rotes of 
EPT and proton transfer. It is a summary of a more detailed 
version that has appeared elsewhere. 730 

As noted above, the stable dark resting state for the OEC 
is Si, and the dark-adapted, light-driven Kok cycle begins 
with the Si — S 2 transition. For convenience in presenting 
die mechanism, it is useful to begin with the So — • S[ 
transition and follow the sequential buildup of four redox 
equivalents as the cycle progresses. 

7.2.4.1. The S 0 — S, Transition. With the "H-abstraction" 
mechanism of Babcock and co-workers unlikely, McEvoy 



5048 Chemical Reviews, 2007, Vol. 107, No. 11 



Huynh end Meyer 



and Brudvig have proposed that CP43-Arg357 in Figure 52 
helps (o organize a H-bonding network and functions as the 
"proton-abstractor" for the higher Sj — S3 and S3 — {S^}— * 
So transitions. 650 This residue is required for 0 2 evolution, 
and its terminal N-atoms are ~4 A from the active face of 
the CaMn 3 cluster. However, with its pAf a value of ~12, it 
is protonated and presumably unavailable as a 
base.™-'" 

le~/2H+ MS-EPT. Examination of Figure 55 reveals 
another possible EPT pathway not considered by Babcock 
and co-workers. As shown in eq 174, it utilizes the apparent 
H-bond between a water molecule bound to Mn(4) and an 
aspartate residue, - OOC-DiAsp61. As discussed below and 
illustrated in Figure 56, Asp61 appears to be the entryway 
to a hydrophilic proton exit channel.™ -737 In order to clarify 
the mechanism as it evolves in the discussion, the S state 
transition in which the reaction is proposed to occur will be 
indicated in parentheses. 

The suggested electron transfer in eq 1 74 occurs over 7 
A from Mn"-OH s to Y z \ It acts in concert with a double 
proton transfer, one from Mn-OH 2 to -OOC-D, Asp6 1 and 
the other from + H-Hisl90 to TyrO*. 

The pathway in eq 174 can be described as Je~/2H + MS- 
EPT. It exploits the relatively long-range nature of electron 
transfer"*' 471 while meeting the short-range requirements for 
proton transfer. 350 - 396 It avoids the high-energy intermediates 
Mn !l, -OH2 + and TyrO" and delivers the released proton at 
an entryway for proton transfer to the lumen. 



" C{P ""' 1 ^ " V" 

His)*) -« H-aTjT , M.i iJ: -0 ... H-O-C-Dh^pO! 



The proton transferred from TyrOH to Hisl90 in the 
oxidation of Yz by Psm' in eq 169 is transferred back in eq 
174. This "proton-rocking" mechanism was first proposed 
by Renger and co-workers 738 and has been elaborated by 
several groups. 686 ' 690 - 739 '' 4 ' Proton-rocking increases she 
potential of TyrO" as an oxidant in the [TyrCf—^H-ffisWO]/ 
[TyrO-H—His!90] couple compared to the [TyrCr/TyrO'] 
couple by -0.2-0.3 V. The increase in potential is required 
thermodynamically for the tyrosyl radical to oxidize water 
to oxygen. The [TyrO'- + H-Hisl90]/[TyrO-H-Hisl90] and 
[i\1n lll -0-H-"HOOC-As F ^l]|Mn ll -OH : -»-OOC-As P 61]couples 
act as "EPT modules" in meeting the combined orbital 
requirements for le~/2H + MS-EPT. 

Stepwise Ie~/1H + MS-EPT. S 0 — S, oxidation at Mn(4) 
may also occur in a stepwise manner. This is illustrated in 
eq 175, which is based on Figure 55. In eq 175, initial le - 
oxidation of the CaMnj cluster is shown as occurring at Mn- 

(3) and is followed by Ie"/IH + MS-EPT oxidation of Mn- 

(4) - 

Proton Transfer to the Lumen. After the proton is released 
at Asp61, it appears on the lumen surface of the protein, eq 
176, in as little as 12 ^s. 687 ' 738 - 7 '" -7 '' 2 Since proton transfer 




is spontaneous, and the pH of the lumen is as low as 5, 
pA' a (DiAsp61) < 5. 

T>'rf)-H-Hii!K> 




The proton exit channel appears to consist of a cluster of 
titratable residues beginning with DiAsp61 and terminating 
in a series of PsbO residues. The four residues in subunits 
D, and D 2 , D,Asp61, D,Glu65, D 2 Glu312, and D 2 Lys3t5, 
are fully conserved.™ -737 From the results of a theoretical 
analysis based on the linearized Poisson— Boltzmann equa- 
tion, pK a values increase monotonically along the exit 
channel. Alternate exit and water intake channels were also 
identified. 737 In these calculations, charge was allowed to 
build up on the CaMn 4 cluster rather than invokng PCET 
and redox potential leveling. This led to greatly enhanced 
acidities for residues near the cluster, which was the 
suggested origin of released protons in the Kok cycle. 737 

Ir.tracoordination Sphere. Proton Transfer. As shown in 
eq 177, the next step in the proposed mechanism is 
intracoordination sphere proton transfer from in-plane Mil— 
OH 2 , labeled X, in Figure 56, to Mn m -OH. 743 ' w It appears 
to be favored by conversion of a repulsive Mn-OH"— - OOC- 
D,Asp61 interaction into a Mn II) -OH 2 --OOC-DiAsp61 
hydrogen bond and a favorable electrostatic interaction 
between OH - at X, with the positively charged side chain 
-N(H)C(NH 2 )2-' (R357 in Figure 56). 




Coordination of Asp 170? The results of site-directed 
mutagenesis studies point to involvement of Aspl70 in the 
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formation of the CaMn,, cluster by providing a ligand at the 
high-affinity site that binds the first Mn.™' 7 * However, FTIR 
difference spectra on Synechosysiis sp. PCC 6803 show that 
there are no shifts in cluster carboxylate modes between S 
states. 658 ' 700 - 747 " 7 '' 9 Given the sensitivity of these modes to 
oxidation state, these data are consistent with the structures 
in Figures 54 and 55, in which Asp 170 is in the second 
coordination sphere of Mn(4) rather than coordinated. This 
enables it to act as an internal base at a later stage in the 
mechanism; see below. 

7.2.4.2. The Si — S 2 Transition. Given the 1:0:1 :2 proton 
release pattern for intact samples in the Kok 
cycle, 186.678.685-687.750-753 there are no protons released to the 
lumen during the Sj — S 2 transition although, as noted above, 
a pattern of 1:1:1:1 has been observed in spinach core 
particles. 7 "- 755 The results of EXAFS studies show that S, 
and S 2 have essentially the same structures. 676 659 

Results of resonant inelastic X-ray scattering (RIXS) 
measurements point to electron loss from a delocalized 
orbital. 736 - 757 vtOOC") carboxylate band shifts are consistent 
with oxidation at the CaMn 3 cluster in the Si — S 2 
transition.' 05 -" 8 - 760 Electrochromic band shifts have been 
observed in S 2 which arise from a positive charge deeply 
buried from bulk solvent in a low dielectric environ- 
ment. 761 ,76J The appearance of a positive charge occurs only 
during the S| — S 2 transition and is coupled with protein 
conformational changes. 

Cluster oxidation from Mn(4) 1 "CaMn3 I,I > IV ' lv to Mn(4) IB - 
CaMn 3 lv - lv - lv in the Si -~ S 2 transition, eq 178, is ci 
with these experimental observations. 118 - 379 - 712 ' 763 
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Oxidation of the cluster could also occur by initial le - / 
2H+ MS-EFT to oxidize Mn'"(4) to Mn lv (4) followed by 
Ie"/1H + MS-EPT with electron transfer from the Catvftv, 
cluster to Mn lv (4), eq 179. 

The sequence of steps leading from S 0 to S 2 in eqs 1 74- 
178 meets the requirements suggested in a theoretical analysis 
by Siegbahn and Crabtree. They predicted that the active 
Mn site in S 0 is Mn(II) coordinated to two H 2 0 ligands and 
that it acts as the precursor to the active site for water 
oxidation. They also predicted that it cycles through H2O— 
Mn IV =0 as a reactive intermediate, a step that is discussed 
below. 643 

7.2.4 J. The Transitions S 2 — ■ S3 — S3', 0—0 coupling 
has been proposed to occur following oxidation of S2 to 

Sj M2.<SJfc65W77,764-7» j n a reaction that may jnvolve high . 

oxidation state Mn IV =0 or Mn v =0 intermediates. 25 ' 638 ' 68 ' 
It has beeen suggested that such intermediates would undergo 
nucleophitic attack at the electrophilic, terminal oxo group 
by Ca-OH- {X 22 ). M7 EXAFS data point to a significant 



'(3) 

structural change between S 2 and S3, but different interpreta- 
tions have been offered in different stud- 

j es M7.67O,7Ol,72d.72B.758,770- 775 ], f, as a I S0 been p r0 p 0sec ] that there 

is an equilibrium between at least two states in Sj. 677,7 ™ From 
XANES measurements, K edge difference spectra for the 
S, — S 2 and S2 — - S 3 transitions are significantly different, 
with oxidation of Mn(lll) to Mn(iV) occurring in the 
former. 776 - 777 At 0.4 eV the energy of activation for the S 2 
— S3 transition is the highest of the four S state transi- 

The Transition ' Sj. Given the formulation of S3 in eq 
178, a second light-driven I e -/2H + MS-EPT oxidation of 
S 2 with D,Asp61 as the proton acceptor would give Mn !V - 
(4), but as the dihydroxo form shown in eq 180. This is 
consistent with comparative XANES results on PSII and Mn 
model compounds which suggest the absence of higher 
oxidation state Mn=0 intermediates in all S states from S 0 
to S 3 .™ 



hi 



There is a debate in the literature as to whether oxidation 
at this stage is Mn 671 '"" 8 ' 1 -™' 716 .™- 732 or O-ligaud 
based> B60.672,674,676.776.7S3- 785 In this terminology, there is more 
ligand than metal character in the redox orbital, leading to 
the description Mn' n (0*). 

Following Mn-based oxidation and proton loss to the 
lumen, intracoordination sphere proton transfer, utilizing the 
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putative third water molecule in the structure in Figure 55, 
resets the Mn^-OHa—r^Aspei MS-EPT interface. This 
results in the intermediate labeled S3 in eq 181, perhaps the 
first of two forms of S 3 proposed by Renger. 770 



O- - -O Coupling: The S s — S/ Transition. Ca deple- 
tion inhibits photosynthesis by blocking the Si — - Si 
transition and, by inference, its involvement in 0-0 
coupling. 723 ' 78 *' 787 From the 3 A and 3.5 A structures, 
coordination details around Ca arc unclear but are consistent 
with the coordinated water molecule labeled X 22 in Figure 
56. It is aligned toward putative Mn lv (4)-OH at position 
X| in Figure 56. This has been proposed as the site for 
O—O coupling. 383 - 6511 

0-"0 coupling is expected to occur at an oxo site at Mn- 
( 4 ) s2.m,M7 Mn = 0 is liable at Mn ( 4 ) through the dihy- 
droxo-oxo equilibrium, Mn lv (OH) 2 — Mn w (0)(H;iO), shown 
in eq 182. There is precedence for related equilibria in metal 
complexes. 136 " 138 



Asp6|.« 



O—O coupling is expected to be preceded by deprotona- 
tion of Ca-OH2 {X22). 6 ' 17 This avoids a high-energy, proto- 
nated peroxo intermediate, (H 2 00 + )Mn(HjO), but requires 
an internal base. As shown in eq 183, this is a role that may 
be played by Asp 170 through intervention of a local proton 
transfer channel involving the coordinated hydroxo ligands 
in the Mn ,v (OH) 2 form of Mn(4). Although this provides a 
role for Asp 1 70 as an internal base, a number of other amino 
acid residues can functionally substitute for Aspl70. Both 
the Arg and Met mutants can evolve oxygen at 10—20% of 
the wild-type rate. 7 * 8 

As shown in eq 183, proton loss from Ca—OH 2 and Mn- 
(4)— O formation would give the species labeled intermediate 
A in eq 183, the immediate precursor to 0"-0 coupling. It 
is proposed as a high-energy intermediate, not observed 
spectroscopically, due to the unfavorable Mn lv (OH) 2 /Mn IV - 
(0)(H 2 0) equilibrium and proton loss from Ca— OH 2 . Its 
thermodynamic instability may contribute to the high energy 
of activation (0.4 eV) for the S 2 — S 3 transition. 

Mutagenesis studies show that CP43-Arg357 + , which 
spans the active face of the CaMiL, cluster, is required for 
0 2 evolution. 78 * Its electrostatic influence may decrease p/T a 



(CP43-Ais357)' 
ASP'^V-O 

. ' K* ICPJ3 ArgSJT 



(CP43-Ai^357|* 
*I7^ C ,0 

H-0 



for Ca-OH 2 , decreasing the AG difference between inter- 
mediate A and S3. 

O—O coupling in intermediate A is shown in eq 184. In 
this reaction, Ca— OH - redox nucleophilic attack occurs on 
Mn=0. Two electrons are transferred, either sequentially 
or in concert, one to Mn lv (4) and the other to the Mn 3 [V - ivJV 
cluster. 



Asp6l-C-C 



The product of 0-*0 coupling in eq 184 is a Mit(III) 
hydroperoxide, Mn [ll -OOH. It is proposed as the second of 
two possible intermediates suggested by Renger, Sj'.* 77,770 
There is evidence for Mn(III) in S3 at liquid helium 
temperature in EPR and near IR measurerneiits. 6M,S65,783 ' 790 

Based on density functional theory (DFT) and the B3LYP 
functional for geometry optimization, Siegbahn and Crabtree 
have concluded that Mn" 1 — OOH is in thermodynamic 
equilibrium with an activated Mn v =0 precursor in S3. 
Renger has proposed that a rapid redox equilibrium exists 
between a Mn peroxide and a form having two terminal 
hydroxo ligands. 770 Water-exchange studies show that 0-- 
O coupling occurs at a site that undergoes rapid exchange 
with external solvent, presumably Ca— OHj (X22), and one 
that undergoes slow exchange. The slow exchange site is 
presumably 0=Mn lv (HiO) or Mn'^OH^HjO), with ex- 
change occurring before 0"-0 coupling. 708 - 725 ' 728 ' 791- ™ 

Although not located in the X-ray structures of PS1I, Cl" 
is a cofactor for water oxidation. Chloride-depleted samples 
are reconstituted to catalytically active forms by addition of 
a variety of anions.™" 798 In a recent combined EPR/FT-IR 
study, N 3 ~ was shown to bind in the immediate vicinity of 
the Mn cluster in competition with CI" binding. 7 " 9 As 
discussed by Brudvig et al, m C!" may be transferred from 
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Ca to Mn=0, which would increase pK t for Ca-OH 2 (X 22 ) 
and help initiate O-'O coupling. 

7.2.4.4. The Transition S 3 — {S*} — So + 0 2 . States So, 
S|, S 2 , and S3 all have been trapped and investigated 
spectroscopically with evidence obtained recently for two 
intermediates past S3. Inhibition of 0 2 evolution from cyano- 
bacteria was observed at high 0 2 pressure with spectroscopic 
evidence for an intermediate. 669 Time-resolved X-ray absorp- 
tion spectroscopy (XAS) on the 1 0 time scale revealed a 
lag phase of 250 ^s followed by oxidation of Mn and reduc- 
tion of Y z * in 1,1 ms. 47CI The lag phase has been attributed 
to a proton transfer step. 670 Proton transfer preceding electron 
transfer has been proposed by Rappaport and Lavergne. 763 
Following excitation of S3, Y," reduction and 0 2 release both 
occur on the approximately millisecond time scale. 800 

These observations are consistent with a multistep mech- 
anism. 730 In the first step, eq 185, light-driven le"/IH + MS- 
EPT oxidation of Y z is followed by a lag phase in which 
proton transfer occurs from Mn— OOH to Asp61, eq 185. 
One possible proton transfer channel is illustrated, and others 
might operate utilizing coordinated H 3 0 or HOOC-Aspl70 
as proton transfer bridges. 

In eq 185, proton loss activates coordinated peroxide 
toward electron transfer to Yz' with all subsequent steps 
rapid, on the ~1 ms time scale. Electron transfer may occur 
stepwise with initial oxidation at Mn(4), Mn I "(00 2 ~),Yz" -~ 
Mn^OO 2- ), followed by intramolecular electron transfer, 
Mn ,v (00 2 ") - Mn IU (00-). Electron transfer is followed 
by proton transfer to the lumen. 



TyrO'.-'H-ifoW 



* ,Pm Y° TyiO-11 — Ifjgt^O 
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Proton transfer to AspSl would open a long-range proton 
transfer channel from HOOC-Aspl70 to Asp61. As shown 
in eq 186, utilization of this channel for loss of the proton 
on HOOC-Aspl70 followed by proton transfer to the lumen 
would explain the 1:0:1:2 proton release pattern and loss of 
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the second of two protons in the Si — {Si} — S Q + 0 2 
transition. It would also reset the EPT interface at 
Aspfjl. 



tr>n.V 'o }/ 



Asp6l-C.O-Hj ij ^ )' y O \ 



Asp] 70. 
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The final product is a superoxide complex of Mn(III), 
Mn^OO' - ), which is tentatively identified as S 4 . This is 
presumably the intermediate observed under high pressures 
of 0 2 . 6S9 In the net reaction in eqs 1 85 and 1 86, electron 
transfer occurs from coordinated "OOH to Y z * with coupled- 
proton transfer to the lumen, Y z \Mn I[I -OOH — Y^Mn 111 - 
O2" + H + (lumen). There is no change in oxidation state at 
Mn, and the lag time is due to intracoordmation sphere proton 
transfer. 

The final step, shown in eq 187, is intramolecular 0 2 ~ — 
Mn" 1 electron transfer. It is followed by loss of 0 2 and 
coordination of H 2 0 which returns the catalytic system 
the So st ' 




7,2.5. S State Mechanistic Summary 

The reactions proposed for the complete ICok cycle are 
shown in the Mechanistic Summary below. They correspond 
to equations in the text by the numbers in parentheses. In 
constructing the summary: (1) the abbreviations used are 
+hv for a light driven reaction, le /nW MS-EPT for 
multisite EPT, and FT and ET for proton transfer and electron 
transfer; (2) Aspl70 is assumed to be uncoordinated and 
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available as an internal base; (3) in the So — S| transtion, 
oxidation of Mn"(H 2 0) by Yz occurs by le - /2H - MS-EPT; 
(4) oxidation in the Si — S 2 transition is assumed to occur 
at the CaMn 3 cluster; (5) it is assumed that there are two 
forms of S 3 , with S 3 a Mn lv (OH) 2 intermediate; (6) depre- 
ciation of Ca-OH: by Asp 170 and equilibrium formation 
of (H 2 0)Mn lv =0 from Mn iv (OH) 2 give intermediate A; (7) 
O—O coupling occurs in intermediate A to give Mn^OOH, 
which is identified as S 3 '; (8) following photochemical 
formation of a fourth Y z *, a lag phase arising from proton 
loss from Mn lll OOH is followed by rate limiting intramo- 
lecular electron transfer to give Mn ln (02'"); and (9) depro- 
tonation of HOOC-Aspl 70 and proton transfer to the lumen 
produce S 4 , an intermediate identified under high partial 
pressures of 0 2 . 

7.2.6. Conclusions 

This analysis of PCET in Photosystem II reveals the 
extraordinary attention paid in the structure to "proton- 
wiring" and the movement of protons. The movement of 
protons is short range in both coupled electron— proton 
transfer and the sequential proton transfer steps that make 
up long-range proton transfer chains. The distance-depen- 
dence of electron transfer is less demanding and a relative 
afterthought in the spatial design of the biological assembly. 

PCET plays a critical role in the operation of the OEC. 
One is thermodynamic by avoiding charge buildup, enabling 
redox potential leveling. Similarly, repetitive use of MS- 
EPT avoids high-energy intermediates and directs protons 
to Asp6I, which is the entryway to the proton exit channel 
to the lumen. 
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7.3, Reduction of Q B 

Absorption of a photon in PSII is followed by oxidative 
quenching through a phenophytin bridge to plastoquinone 
Qa (Figure 51). Subsequent Q A — Q B electron transfer is 
gated by a protein conformational change and mediated by 
a non-heme iron. 26 ' 383 ' 801-803 The net reaction is shown in eq 
188. 

H« H-OTyr . P%„, . 0 A , Oj, 

His-H'—bTyr , ? iK , .Q A f>a (IBS) 

As discussed in the previous section, subsequent PCET 
by a le"/2H + MS-EPT mechanism results in oxidation of 
the OEC and advancement of the S state cycle by one from 
S„ to S„ +1 - In the photosynthetic reaction center from 
Rhodobacter sphaeroides, absorption of two photons is 
followed by 2e"/2H + reduction ofQ B to give hydroquinone 
H 2 Q D . The protons in this reaction come from the cytoplasm. 
HiQb subsequently diffuses from the reaction center and is 
oxidized by the cytochrome bc\ complex. 

The initial Q A — * Qb electron transfer is coupled to 
protonation of a nearby carboxylic acid, Gtu-L212, but the 
proton and electron transfers are sequential and the mech- 
anism is ET-PT, eq 189. Similarly, a second light-induced 
electron transfer creates the semiquinone pair, (QA*",Qa"~). 
After it forms, protonation at Qb" - and Q A " - — Qa" electron 
transfer occur to give HQs", eq 190. In the final step, the 
proton at Glu-L212 is transferred to give the quinol, H 2 Q B , 
eq 191. All of these steps appear to involve sequential elec- 
tron-proton transfer and not EPT. 1<13 ' 585 ' {fr,_BIJ8 The binding 
of Cd 2+ to His 1 26 and His 128, which are located near the 
proton entry point to the reaction center, inhibits PCET. 809 

(Qa"~Q B )C1u- — <Q A Q B -}GluH ^ (189) 

(Q A '"Q B "")aiuH — (Q A -Q B H')GIuH - 

<Q A Q B rT)GluH (190) 
(QaQbH")G1uH-~(Q a H 2 Q b )G1u~ (191) 

7.4. PCET-EPT in Other Biological Reactions 

7.4.1 Cytochrome c Oxidase (CcO) 

Cytochrome c oxidase (CcO) is an enzyme that catalyzes 
respiratory oxygen reduction. It is located in mitochondrial 
or bacterial membranes of all aerobic organisms. The active 
site includes a low-spin heme (heme a) and a copper complex 
(Cub). The enzyme catalyses the reduction of O2, eq 192, 
which is coupled to proton translocation across the membrane 
where ATP is produced. 28 - 810-814 

0 2 +4H + + 4e~ — 2H 2 0 (192) 

During its activation, 0 2 initially binds to the heme. Of 
the four electrons required in the net reduction, two come 
from Fe(II) to give Fe(IV), one comes from Cue, and one 
comes from a nearby tyrosine. 52 ' 8 i2 ~ m Protons are available 
to the heme-Cuu site from two different channels, K and 
D. 

Theoretical studies based on density functional theory 
(DFT) and the B3LYP functional, 815-817 with structural 
details from X-ray studies on mammalian 318 and bacterial 819 
CcO's, have been applied to the 0-0 bond cleavage step. 52 
In a first step or steps, le - transfer occurs from Cu n B , which 
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is coordinated by three histidines, His291, His240, and His 
290. Subsequent reduction of the bridging peroxide, eq 193, 




(193) 



is triggered by protonation with the proton coming from one 
of the proton channels, most likely the K channel. Simul- 
taneous electron transfer occurs from both Fe(III) and the 
porphyrin ring to the antibonding a* orbital of the peroxide, 
eq 194. The porphyrin macrocylic structure and an axially 
bound histidine (His376) are both indicated schematically 
in eq 193. 

The pathway proposed in eq 193 could be described as 
solvent-assisted 2c _ /lH + MS-EPT. However, the calculations 
suggest that, in the initial step, solvent-assisted Ie"/1H + MS- 
EPT occurs with proton transfer to the peroxo-bridge, and a 
single electron transfers from Fe([H). MS-EPT is followed 
by ET, in this case from a porphyrin n orbital. 53 Following 
formation of the ferryl, Fe lv =0, a final electron transfer 
occurs to the porphyrin cation radical from nearby tyrosine 
244, which is bound to IIis240 and pan of tire H-bonding 
network of the proton channel. 

7.4.2. Cytochrome c Peroxidaxe (CcP) 

The heme-containing peroxidases oxidize a variety of 
substrates by using hydrogen peroxide as the oxidant. CcP 
is part of the mitochrondrial electron transport chain with 
cytochrome c as its redox partner, 52 - Bl0 ~ s|,, ' 8J0 - 825 The key 
step in the catalytic cycle is cleavage of the 0-0 bond of 
H 2 0 2 with an Fe(lII)-heme oxidized to Fe lv =0 and a nearby 
tryptophan (Trpl91) to its radical. Trpl9l is connected to 
the heme by H-bonding via a His-Asp-Trp grouping with 
the histidine bound to Fe in an axial position. From site- 
directed mutagenesis studies on both CcP 7 * 7 and horseradish 
peroxidase, 822 a distal histidine, His52, is an important 
residue. 

The initial step in the activation of HiO/ 2 ' 818 involves 
binding to Fe{IIl) with loss of a proton to His52. In the 
transition state for 0-0 cleavage, a key element is transfer 
of the proton initially bound to His52 to the terminal O-atom 
of the bound peroxide. Proton transfer is coupled to a slight 
motion and 2e~ transfer. One electron is transferred from 
Fe(III) and one from the porphyrin. This results in the fenyl- 
porphyrin cation radical shown in eq 1 94. Electron transfer 

"f" v 

to the porphyrin cation radical from Tryptophanl91 occurs 
in a subsequent step. 52 Assuming that the calculations are 
correct, this is another example of 2e~/lH + MS-EPT with 
the electrons coming from separate Fe(HI) and porphyrin 
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election donor orbitals. It is also an example of histidine 
acting sequentially as a proton donor and acceptor, much as 
His] 90 does in the TyrO*— + H-His EPT module in PSII 
(section 7.2.4). 

7.4.3 Dioxygen Binding to Hemerythrin 

Hemerythrins (Hr) contain magnetically exchange-coupled 
non-heme iron centers and are capable of reversibly binding 
dioxygen.* 2 *-* 2 * In the net sense, addition of Oj to the 
dexygenated form of Hr, deoxyHr, is accompanied by 2e"7 
1H 1 PCET to give the oxy form, oxyHr, eq 195. Density 



D«»iyH" ChyHr 

functional theory (DFT) has been applied to both the deoxy 
and oxy forms 829 and to the reversible addition of 02. S3 ° The 
latter calculations point to a stepwise process with a mixed 
HAT-EPT step followed by ET. On the binding side of the 
equilibrium, electron transfer occurs from (Fe(Il)) 2 in eq 195 
to a n* orbital on 0 2 with coupled-proton transfer from the 
bridging hydroxide to give coordinated HOO*. ET occurs in 
a following step from Fe(II)i to a jr* orbital on the terminal 
hydroperoxide (HOO*). 

7.4.4. H-Atom Abstraction by Lipoxygenases (LOj 

The lipoxygenase (LO) enzymes catalyze the regio- and 
stcreospecific hydroperoxidation of (Z,Z)-pentadiene-contain- 
ing fatty acid substrates. 831-835 The results of detailed kinetic 
studies are available for the reaction with linoleic 

gey 427 42S.B36.07 [„ (ne f errcusj f 0n7]> (ng j ron s j t g CQnta i ns 

three coordinated histidines, one C-terminal isoleucine car- 
boxylase, and a water with an asparagine in the sixth 
coordination position but 3 A away from the j r0 n. 3M '-' !S « 8 
Based on spectroscopic measurements, the Fe{III) form is 
five coordinate. 365 DFT calculations on the initial step of the 
hydroxylarion of (Z,Z>2,5-heptadiene by the Fe m -OH form 
of the enzyme show that the reaction occurs by a net H-atom 
transfer. However, the acceptor orbital is largely d^Feflll)) 
mixed with 2p„(0), and the donor orbital is a pure n orbital 
on the diolefin with oxidation leading to a delocalized 
carbon-based radical, eq 196. 3M 
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The theoretical studies have been extended to linoleic 
acid. 83 * The reaction in eqs 197 and 198 shows that, following 
transfer of the pro-S hydrogen atom to Fe n, -OH, a reaction 
with 0 2 gives hydroperoxyoctadecadienoic acid. Based on 
calculations on the initial EPT step, a number of conclusions 
were reached: (1) A s ~ 19 kcal/mol, which comes largely 
from the reorganization energy at the Fe cofactor and is 
significantly greater than A„ ~ 2,4 kcal/mol. (2) AG 9 = -5.4 
kcal/mol, which partly compensates for X leading to a weak 
temperature-dependence. (3) The high krfka of 81 is a 
consequence of a large proton transfer distance and the 
dominance of the jt = 0 — v = 0 vibrational channel. (4) 
There is no H-bond, and the maximal proton transfer distance 
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fl97) 



(198) 



is considerably less (2.69 A vs 2.88 A) than the equilibrium 
distance calculated by using a docking model. 3 " 

7.4.5. Long-Range PCET in Class I Ribonucleotide 
Reductase 

The ribonucleotide reductase enzymes (RNRs) catalyze 
the conversion of nucleotides to deoxynucleotides, eq 199, 
and play an essential role in DNA replication and repair. 

(P)PPC inB«™ mffOn Base 

Ribonucleotide Dtoxyiibonueleotiik; 

There are three classes of RNRs, and reviews have covered 
the mechanisms of nucleotide reduction for all three. 849 - 843 
In class I RNRs, there are two types of homodimeric subuits, 
RI and R2. Rl subunits contain five cysteines essential for 
catalysis with three at the active site. They control turnover 
and specificity. R2 subunits contain two diferric clusters and 
1.2 stable tyrosine radicals (Y*) per dimer, both of which 
are essential for the radical-initiated reduction of ribonucle- 
otides. 

A significant question is how V on the R2 (Yl 22) subumt 
generates a thiyl radical (S') at cysteine Cys439 on the Rl 
subunit. A docking model suggests that they are separated 
by 35 A, and the reaction is reversible. Intervening between 
the two final redox sites are several tyrosines and a 
tryptophan residue. The cysteine residue is the final redox 

Mechanisms have been proposed involving a series of 
sequential H-atom transfer steps, probably better described 
as EPT, and involving TyrOVTyrOH, cysteine, tryptophane, 
and a diiron cluster. This sequence of reactions is triggered 
by initial EPT between TyiO-(Tyrl22) and Fe ,[ -OH 1 . SM - m 

The le-/2H+ MS-EPT pathway suggested for the OEC 
in water oxidation may play a role in long-range EPT in the 
RNRs as well. In the OEC, 7 A electron transfer occurs from 
Mn n -OH 2 to Y z ' in concert with a double proton transfer; 
one from Mn~OH 2 to - OOC-D|Asp6i and the other from 
+ H-HisI90 to TyrO', eq 174. In the RNRs, long-range 
electron transfer could be achieved by a sequence of le - / 
2H + MS-EPT steps based on membrane-embedded EPT 
couples, EPT directionality would be incorporated into the 
membrane structure by having EPT couples such as TyrO"- 
-• + H-His/TyrOH— His aligned in the membrane so as to 
create a redox potential gradient. 

In a recent model, it has been proposed that long-range 
electron transfer occurs from Y356, through W48, to Y 122" 
in the R2 subunit. 17 In this model, electron transfer is 
accompanied by short-range proton transfer to/from local 



hydrogen-bonded residues. It is known that proton transfer 
is not obligated at position 356 since unnatural fluorotyrosine 
amino acids with lower p/C's have been incorporated at this 
position and yet remain active. 8,18 

It has also been shown that the activity of RNR can be 
changed from a conformational ly gated regime to one in 
which EPT and radical transport are rate limiting by 
increasing the reduction potential at position 356. The results 
of studies utilizing photoinitiated radical generation support 
an EPT model for radical transport between Y731, Y730, 
and C439 in the RI subunit. These three residues are all 
within hydrogen bond contact in the crystal structure of Rl, 
ensuring short proton tunneling distances. Based on this 
interpretation, both EPT and MS-EPT pathways appear to 
be utilized in RNR, 17 

8. Summary 

Some of the important conclusions reached in this analysis 
of PCET are summarized below. The sections in which they 
are discussed are also cited. 

(1) PCET describes reactions in which there is a change 
in both electron and proton content between reactants and 
products. It originates from the influence of changes in 
electron content on acid-base properties and provides a 
molecular-level basis for energy transduction between proton 
transfer and electron transfer (section 1 ). 

(2) Coupled electron-proton transfer or EPT is defined 
as an elementary step in which electrons and protons transfer 
from different orbitals on the donor to different orbitals on 
the acceptor. There is (usually) a clear distinction between 
EPT and H-atom transfer (HAT) or hydride transfer, in which 
the transferring electrons and proton come from the same 
bond. Hybrid mechanisms exist in which the elementary steps 
are different for the reaction partners (sections 5.1 and 5.2). 

(3) EPT pathways such as PhOVPhOH exchange have 
much in common with HAT pathways in that electronic 
coupling is significant, comparable to the reorganization 
energy with Hda ~ A. 

(4) Multiple-Site Electron- Proton Transfer (MS-EPT) is 
an elementary step in which an electron-proton donor 
transfers electrons and protons to different acceptors, or an 
electron— proton acceptor accepts electrons and protons from 
different donors. It exploits the long-range nature of electron 
transfer while providing for the short-range nature of proton 
transfer (section 5.1). 

(5) A variety of EPT pathways exist, creating a taxonomy 
based on what is transferred, e.g., le~/2H + MS-EPT (section 
5.1). 

(6) PCET achieves "redox potential leveling' between 
sequential couples and the buildup of multiple redox 
equivalents, which is of importance in multielectron catalysis 
(section 2.1). 

(7) There are many examples of PCET and pH-dependent 
redox behavior in metal complexes, in organic and biological 
molecules, in excited stales, and on surfaces (section 2). 

(8) Changes in pH can be used to induce electron transfer 
through films and over long distances in molecules. Changes 
in pH, induced by local electron transfer, create pH gradients 
and a driving force for long-range proton transfer in 
Photosysem II and through other biological membranes 
(sections 3 and 7.2). 

(9) In EPT, simultaneous transfer of electrons and protons 
occurs on time scales short compared to the periods of 
coupled vibrations and solvent modes. A theory for EPT has 
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been developed which rationalizes rate constants and activa- 
tion barriers, includes temperature- and driving force (AG)- 
dependences implicitly, and explains kinetic isotope effects. 
The distance-dependence of EPT is dominated by the short- 
range nature Df proton transfer, with electron transfer being 
far less demanding {sections 4.2 and 5). 

(10) Changes in external pll do not affect an EPT 
elementary step. Solvent molecules or buffer components 
can act as proton donor acceptors, but individual HiO 
molecules are neither good bases (p/t u (I I 3 0 + ) = - 1.74) nor 
good acids {ptf»(H 2 0) = 15.7) (section 5.5.3). 

(1 1) There are many examples of mechanisms in chem- 
istry, in biology, on surfaces, and in the gas phase which 
utilize EPT (sections 6 and 7). 

(12) PCET and EPT play critical roles in the oxygen 
evolving complex (OEC) of Photosystem II and other 
biological reactions by decreasing driving force and avoiding 
high-energy intermediates (section 7.2). 

8.1. Addenda 

During the lengthy period for review of this manuscript, 
a number of significant publications have appeared which 
feature various aspects of PCET. Among them are reviews 
on water oxidation in Photosystem II siB and on the role of 
PCET in oxygen activation. 850 - 851 The theory of EPT has been 
extended by Hammes-Schiffer. 832 ' 853 An analysis of the role 
of driving force and water as the proton donor or acceptor 
by Costentin and Saveant has appeared 85 " 1 as has a report of 
MLCT excited state quenching by EPT, 853 
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